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The transition helicity amplitudes from the proton ground state to the A^( 1440)1/2+, 
Af(1520)3/2“, and A(1620)l/2“ resonances {-yvpN* electrocouplings) were determined from the 
analysis of nine independent one-fold differential 7r+7r“p electroproduction cross sections off a pro¬ 
ton target, taken with CLAS at photon virtualities 0.5 GeV^ < < 1.5 GeV^. The phenomeno¬ 

logical reaction model employed for separation of the resonant and non-resonant contributions to 
this exclusive channel was further developed. The Ai(1440)l/2+, A^(1520)3/2“, and A(1620)l/2“ 
electrocouplings were obtained from the resonant amplitudes of charged double-pion electroproduc¬ 
tion off the proton in the aforementioned area of photon virtualities for the first time. Consistent 
results on y^pN* electrocouplings available from independent analyses of several IT-intervals with 
different non-resonant contributions offer clear evidence for the reliable extraction of these funda¬ 
mental quantities. These studies also improved the knowledge on hadronic branching ratios for the 
A^(1440)l/2+, Ai(1520)3/2“, and A(1620)l/2~ decays to the ttA and pN final states. These new 
results provide a substantial impact on the QCD-based approaches that describe the N* structure 
and demonstrate the capability to explore fundamental ingredients of the non-perturbative strong 
interaction that are behind the excited nucleon state formation. 

PACS numbers: 11.55.Fv, 13.40.Gp, 13.60.Le, 14.20.Gk 


I. INTRODUCTION 

The studies of transition amplitudes from the ground 
to excited nucleon states off the proton [y^pN* electro¬ 
couplings) offer insight into the N* structure and allow 
the exploration of the non-perturbative strong interac¬ 
tion mechanisms that are responsible for the resonance 
formation as relativistic bound systems of quarks and 
gluons The data on yvpN* electrocouplings repre¬ 

sent the only source of information on different manifes¬ 
tations of the non-perturbative strong interaction in the 
generation of excited nucleon states of different quantum 
numbers. 

The CLAS detector at Jefferson Lab is a unique large- 
acceptance instrument designed for the comprehensive 
exploration of exclusive meson electroproduction. It of¬ 
fers excellent opportunities for the study of electroex¬ 
citation of nucleon resonances in detail and with preci¬ 
sion. The CLAS detector has provided the dominant 
portion of all data on meson electroproduction in the 
resonance excitation region. The studies of transition 
helicity amplitudes from the proton ground state to its 
excited states rmresent a key aspect of the N* program 
with CLAS [I|,|JQ. 

Meson-electroproduction data off nucleons in the N* 
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region obtained with CLAS open up an opportunity 
to determine the Q^-evolution of the y^NN* electro¬ 
couplings in a combined analysis of various meson- 
electroproduction channels for the first time. A variety of 
measurements of 7r+n and 7r°p single-pion electroproduc¬ 
tion off the proton, including polarization measurements, 
have been performed with CLAS in the range of from 
0.16 to 6 GeV^ and in the area of invariant masses of 
the final hadrons W < 2.0 GeV [7l-[l^. Exclusive r/p 
electroproduction off the proton was studied with CLAS 
for W < 2.3 GeV and from 0.2 to 3.1 GeV^ 
Furthermore, differential cross section and polarization 
asymmetries in exclusive KV electroproduction channels 
were obtained for W from threshold to 2.6 GeV and 
for < 5.4 GeV^ (l7l - [^ . These experiments were 
complemented by the measurements of nine independent 
7r+7r“p electroproduction cross sections off the proton. 
The data on charged double-pion electroproduction cov¬ 
ered the area of W < 1.6 GeV at photon virtualities from 
0.25 to 0.55 GeV^ [2^. They are also available from ear¬ 
lier measurements with CLAS for W from 1.40 GeV to 
2.10 GeV and 0.5 GeV^ < < 1.5 GeV^ 

The electroexcitation amplitudes for the low-lying res¬ 
onances A(1232)3/2+, 7V(1440)l/2+, V(1520)3/2-, and 
V(1535)l/2“ were determined over a wide range of 
in a comprehensive analysis of JLab-CLAS data on dif¬ 
ferential cross sections, longitudinally polarized beam 
asymmetries, and longitudinal target and beam-target 
asymmetries [l^. Recently y^NN* electrocouplings of 
several higher-lying nucleon resonances: iV(1675)5/2“, 
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-/V(1680)5/2+, and iV(1710)l/2+ have become available 
for the first time for 1.5 GeV^ < < 4.5 GeV^ from 

analysis of exclusive 7r“'"n electroproduction off the pro¬ 
ton M- Electrocouplings for the 7V(1440)l/2+ and 
A^(1520)3/2“ resonances for < 0.6 GeV^ have been 
determined from the data on exclusive 7r“'"7r“p electro¬ 
production off the proton together with the prelimi¬ 
nary results on the electrocouplings of several resonances 
in the mass range from 1.6 GeV to 1.75 GeV available 
for the first time from this exclusive channel at 0.5 GeV^ 


< < 1.5 GeV^ 

electrocouplings [1 


|5 L The GLAS results on the 'jvpN* 
MlE HE HE have had a stimulating 
impact on the theory of the excited nucleon state struc¬ 
ture, in particular, on the QGD-based approaches. 

The light cone sum rule (LCSR) approach [H, [IE for 
the first time provided access to the quark distribution 
amplitudes (DA) inside the A^(1535)l/2“ resonance from 
analysis of the GLAS results on the ^vpN* electrocou¬ 
plings of this state [IE- Confronting the quark DA’s of 
excited nucleon states determined from the experimen¬ 
tal results on the "fvpN* electrocouplings to the LQCD 
expectations, makes it possible to explore the emergence 
of the resonance structure starting from the QCD La- 
grangian. The moments of the A^(1535)l/2“ quark DA’s 
derived from the GLAS data are consistent with the 
LQCD expectations [sE - 

The Dyson-Schwinger Equations of QCD (DSEQCD) 
provide a conceptually different avenue for relating the 
"fvpN* electrocouplings to the fundamental QCD La- 
grangian [3ll - l^ . The DSEQCD approach allows for 
the evaluation of the contribution of the three bound 
dressed quarks, the so-called quark core, to the struc¬ 
ture of excited nucleon states starting from the QCD La- 
grangian. A successful description of the nucleon elas¬ 
tic form factors and the GLAS results on the N ^ A, 
N —>■ A((1440)l/2~*~ transition electromagnetic form fac¬ 
tors [I|, [1, [IE HE at photon virtualities > 2.0 GeV^ 
has been recently achieved within the DSEQCD frame¬ 
work [3lj,[H,[3E|- However, at smaller photon virtualities 
< 1.0 GeV^, the DSEQCD approach failed to de¬ 
scribe the GLAS results [E ill, HE on the A(1232)3/2+ 
and A^(1440)l/2+ ^vpN* electrocouplings [HlHE- 

Furthermore, most quark models [dE - HE that take into 
account the contributions from quark degrees of freedom 
only, have substantial shortcomings in describing reso¬ 
nance electrocouplings at < 1.0 GeV^ even if they 
provide a reasonable description of the experimental re¬ 
sults at higher photon virtualities. These are the indi¬ 
cations for the contributions of degrees of freedom other 
than dressed quarks to the structure of excited nucleon 
states, contributions that become more relevant at small 
photon virtualities. 

A successful description of the GLAS results on the 
77(1440)1/2+ jvpN* electrocouplings [1, [H, [^E has 
been recently achieved at small photon virtualities up 
to 0.5 GeV^ within the framework of effective field the¬ 
ory employing pions, p mesons, the nucleon, and the 
Roper Af(1440)1/2+ resonance as the effective degrees 


of freedom [40|. This success emphasizes the impor¬ 
tance of meson-baryon degrees of freedom for the struc¬ 
ture of excited nucleon states at small photon virtual¬ 
ities. Furthermore, a general unitarity requirement im¬ 
poses meson-baryon contributions to both resonance elec¬ 
tromagnetic excitations and hadronic decay amplitudes. 
Studies of meson-baryon dressing contributions to the 
^vpN* electrocouplings from the global analysis of the 
Ntt photo-, electro-, and hadroproduction data carried 
out by Argonne-Osaka Collaboration [dll - ldE within the 
framework of a coupled channel approach, conclusively 
demonstrated the contributions from both meson-baryon 
and quark degrees of freedom to the structure of nucleon 
resonances. 


Some quark models that have been developed |44l - t48j 
take into account the contribution from both meson- 
baryon and quark degrees of freedom to the structure of 
excited nucleon states. Implementation of meson-baryon 
degrees of freedom allowed for a considerably improved 
description of the GLAS results on the A^( 1440) 1/2+ and 
Af (1520)3/2“ ‘jvpN* electrocouplings at photon virtual¬ 
ities < 1.0 GeV^, while simultaneously retaining a 
good description of these results for > 2.0 GeV^. 

Physics analyses of the GLAS results [1, [H, [^E on the 
')vpN* electrocouplings revealed the structure of excited 
nucleon states at photon virtualities < 5.0 GeV^ as a 
complex interplay between meson-baryon and quark de¬ 
grees of freedom. The relative contributions from the 
meson-baryon cloud and the quark core are strongly de¬ 
pendent on the quantum numbers of the excited nu¬ 
cleons. Analyses of the A^j 2 electrocouplings of the 
77(1520)3/2“ resonance [H, jlE demonstrated that this 
amplitude is dominated by quark core contributions in 
the entire range of < 5.0 GeV^ measured by GLAS. 
However, the recent analysis [IE of the first GLAS re¬ 
sults [lE on the Af(1675)5/2“ jvpAf* electrocouplings 
suggested a dominance of the meson-baryon cloud. The 
experimental results on the jypN* electrocouplings for all 
prominent resonances obtained in a wide range of photon 
virtualities are of particular importance in order to ex¬ 
plore the contributions from different degrees of freedom 
to the resonance structure. 

Analyses of different exclusive channels are essential 
for a reliable extraction of the resonance parameters over 
the full spectrum of excited nucleon states. Gurrently 
the separation of the resonant and non-resonant parts 
of the electroproduction amplitudes can be done only 
within phenomenological reaction models. Therefore, 
the credibility of any resonance parameters extracted 
from the meson electroproduction data fit within the 
framework of any particular reaction model should be 
further examined. Non-resonant mechanisms in various 
meson-electroproduction channels are completely differ¬ 
ent, while the 'jyNN* electrocouplings are the same. 
Consistent results for the jvpN* electrocouplings of the 
Af(1440)l/2+ and A^(1520)3/2“ resonances that were de¬ 
termined from independent analyses of the major me¬ 
son electroproduction channels, 7r+n, 7r*^p, and 7r+7r“p, 
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demonstrate that the extractions of these fundamental 
quantities are reliable as these different electroproduc- 
tion channels have quite different backgrounds [27| . Fur¬ 
thermore, this consistency also strongly suggests that 
the reaction models (25l - [^ developed for the descrip¬ 


tion of these channels will provide a reliable evaluation of 
the 'jyNN* electrocouplings for analyzing either single- 
or charged double-pion electroproduction data. These 
models then make it possible to determine the electro¬ 
couplings for almost all well-established resonances that 
decay preferentially to the Ntt and/or Nirir final states. 
The information on the jyNN* electrocouplings avail¬ 
able from the exclusive charged double-pion electropro¬ 
duction off the proton is still rather limited and will be 
extended by the results of this paper. 

In this paper we present the results on the elec¬ 
trocouplings of the iV(1440)l/2+, 7V(1520)3/2“, and 
A(1620)l/2“ resonances at the photon virtualities 
0.5 GeV^ < < 1.5 GeV^, obtained from the analy¬ 
sis of the CLAS data on electroproduction off the 

proton 2^. The analysis was carried out employing the 
JM reaction model , which has been further de¬ 

veloped to provide a framework for the determination of 
the jvpN* electrocouplings from a combined fit of unpo¬ 
larized differential cross sections in a broader kinematic 
area of W and in comparison with that covered in our 
previous studies [1^ . This paper extends the avail¬ 

able information on the A(1440)l/2+ and A(1520)3/2“ 
electrocouplings from the charged double-pion exclusive 
electroproduction off the proton and provides the first 
results on the electrocouplings and the hadronic decay 
widths of the A(1620)l/2“ resonance to the ttA and pN 
final states. 

The paper is organized as follows. In Section|n]we de¬ 
scribe the JM reaction model employed for the extraction 
of the resonance parameters and the fitted experimental 
data. A special fitting procedure that allowed us to ac¬ 
count for the experimental data and the reaction model 
uncertainties is presented in Section uni The results on 
the "ivpN* electrocouplings and the hadronic decays of 
the fV(1440)l/2+, ^(1520)3/2", and A(1620)l/2- res¬ 
onances to the ttA and pN final states extracted from 
the CLAS data [IJ are presented in Section |TVl Insights 
into the non-perturbative strong interaction mechanisms 
offered by our results and their impact on hadron struc¬ 
ture theory are discussed in Section|V]with summary and 
outlook in Section IVll 


II. ANALYSIS TOOLS FOR EVALUATION OF 
THE 7„pA* RESONANCE ELECTROCOUPLINGS 
AND HADRONIC DECAY WIDTHS 


The ^vpN* electrocouplings and hadronic decay 
widths of the V(1440)l/2’'', V(1520)3/2“, and 

A(1620)l/2“ resonances to the ttA and pN final states 
were extracted from the fit of the CLAS charged double- 
pion electroproduction data at W from 1.41 GeV to 


1.66 GeV in three Q^-bins centered at Q^=0.65 GeV^, 

0.95 GeV^j _ and 1.3 GeV^. The JM meson-baryon 

model [27 1 was employed for the description of the 
measured observables in the 'jyp —s- 7r~^7r~p exclusive 
channel. This model was successfully used in our pre¬ 
vious extraction of the V(1440)l/2+ and V(1520)3/2“ 
resonance electrocouplings at smaller < 0.6 GeV^ [13 
from the CLAS charged double-pion electroproduction 
data dl] at IF < 1.57 GeV. In our current analysis 
of the CLAS 7r+7r“p electroproduction data [l^], the 
JM model was further developed in order to provide a 
data description in a wider area of IF from 1.40 GeV to 
1.82 GeV and at photon virtualities from 0.5 GeV^ 
to 1.5 GeV^. In this section we describe the differential 
cross sections we fit for the resonance parameter extrac¬ 
tion. We also present the basic features of the JM model 
relevant for the extraction of the 'jvpN* electrocouplings 
from the data , focusing on the model updates needed 
to achieve a good description of the measured differential 
cross sections. 




FIG. 1: Kinematic variables for the description of ep —>■ 
e'p''K^'K~ in the CM frame of the final-state hadrons corre¬ 
sponding to the explicit assignment presented in Section FlI A I 
Panel (a) shows the tt~ spherical angles 6^- and . Plane 
C represents the electron scattering plane. Plane A is defined 
by the 3-momenta of the initial state proton and the final 
state 7 r“. Panel (b) shows the angle between the 

two defined hadronic planes A and B or the plane B rotation 
angle around the axis aligned along the 3-momentum of the 
final TT~. Plane B is defined by the 3-momenta of the final 
state tt’*' and p'. The unit vectors 7 and /3 are normal to the 
7 r~ three-momentum in the planes A and B, respectively. 
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Intervals, GeV^ 

0.5-0.8 

0.65 central value 

0.8-1.1 

0.95 central value 

1.1-1.5 

1.3 central value 

W Intervals, GeV 
covered in each bin 

1.41-1.71 

13 bins 


TABLE I: Kinematic area covered in the fit of the CLAS 
7r"''7r“p electroproduction cross sections for the extraction 
of the resonance parameters. 


A. Differential Cross Sections and Kinematic 
Variables 

At a given invariant mass W and photon virtuality 
Q^, the jyp —?► 7r+7r“p reaction can be fully described 
as a five-fold differential cross section where 

d^T is the differential of the five independent variables 
in the center-of-mass (CM) frame of the final 7r+7r“p 
state. There are many possible choices of the five 
independent variables. After defining M^r+p, and 

M^+^- as invariant mass variables of the three possible 
two-particle pairs in the 7r+7r“p system, we adopt here 
the following assignment for the computation of the 
five-fold differential cross section: 

d^T = where 

{0^-, are the final state tt~ spherical angles with 

respect to the direction of the virtual photon with the 
defined as the angle between the hadronic plane A 
and the electron scattering plane C, see Fig[T](a), and 
Q;[^-p][,r+p'] is the rotation angle of the plane B defined 
by the momenta of the final state 7r’''p' around the axis 
defined by the final state tt~ momentum, see Fig. [1] (b). 

All frame-dependent variables are defined in the 
final hadron CM frame. The relations between the mo¬ 
menta of the final-state hadrons and the aforementioned 
five variables can be found in Ref. [^ . 

The 7r+7r“p electroproduction data have been collected 
in the bins of a seven-dimensional space. As mentioned 
above, five variables are needed to fully describe the fi¬ 
nal hadron kinematics, while to describe the initial state 
kinematics, two others variables, W and Q^, are required. 
The huge number of seven dimensional bins over the reac¬ 
tion phase space (« 500,000 bins) does not allow us to use 
the correlated multi-fold differential cross sections in the 
analysis of the data, where the statistics decrease dras¬ 
tically with increasing Q^. More than half of the seven¬ 
dimensional phase-space bins of the final state hadrons 
are not populated due to statistical limitations. This is a 
serious obstacle for any analysis method that employs in¬ 
formation on the behavior of multi-fold differential cross 
sections. We therefore use the following one-fold differ¬ 
ential cross sections in each bin of W and covered by 


One-fold differential 

Interval 

Number of 

cross section 

Govered 

Bins 

(Mb/GeV) 


10 

in^ (pb/GeV) 

M . - -M , - 

TT TT'rTT.vv, ^ 

10 

3*^ (pb/GeV) 

. -M_-„ 

^ Pmtn ” Pmax 

10 

d(-cos{e^_)) (^b/rad) 

0-180° 

10 

d(-Js%^+)) (Mb/rad) 

0-180° 

10 

d{-cos( 0 ^,)) (Pb/rad) 

0-180° 

10 

da/dQ:[,r~p][,r+p'] (pb/rad) 

0-360° 

5 

(/rb/rad) 

0-360° 

5 

df^/dak+TT-Upp'i (pb/rad) 

0-360° 

5 


TABLE II: List of the fit one-fold differential cross sections 
measured with CLAS [IJ and the binning over the kinematic 
variables. Mminij = Mi + Mj, Mmax^j = W - Mk, where 
Mij and Mk are the invariant masses of the final state hadron 
pair i,j, and the mass of the third final state hadron k, re¬ 
spectively. 


the data: 

• invariant mass distributions for the three pairs of 
the final state particles c?cr/dMn.+^-, da/dM^^+p, 
and da/dM^-p] 

• angular distributions for the spherical angles of 
the three final state particles da / d{— cos 9^-), 
da/d{—cos9^+), and da/d{—cos9p') in the CM 
frame; 

• angular distributions for the three a-angles de¬ 
termined in the CM frame: dcr/daj^-pjf^+p/], 

[ 7 r“pq, and dcj/dG:^ 7 ,.+ 7 ,.—j . The 
da / da[Tr+p\[Tr-p'] and da / doi[Tr+Tr-][pp'] differen¬ 
tial cross sections are defined analogously to 
d(T/da[.n.-p][^+p/] describe above. More details on 
these observables can be found in Refs. 

The one-fold differential cross sections were obtained by 
integrating the five-fold differential cross sections over 
the other four relevant kinematic variables of d^T. How¬ 
ever, the angular distributions for the spherical angles 
of the final state 7r+ and p, as well as for the rotation 
angles around the axes along the momenta of these fi¬ 
nal state hadrons, cannot be obtained with the afore¬ 
mentioned d^T, since this differential does not depend on 
these variables. Two other sets of d^r and d^r differ¬ 
entials are required, which contain dH^+daj^+pjj^-p/] and 
dHp/dQ;[pp/][.n.+^-], respectively, as described in Refs. [2^, 
[ 2 ^. The five-fold differential cross sections evaluated 
over the other two d^T and d^r differentials were com¬ 
puted from the five-fold differential cross section over 
the d^T differential detailed above by means of cross 
section interpolation. For each kinematic point in the 
five-dimensional phase space determined by the variables 
of the other two d^T and d^r differentials, the four- 
momenta of the three final state hadrons were computed, 
and from these values the five variables of the d^r were 
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“ [n- pi[*+ p ■] (degree) ^,, (degree) (degree) 



FIG. 2: (Color Online) Description of the CLAS ep ep'R^'K~ data within the framework of the JM model [2^ . 
after implementation of the phases for the 27r direct production mechanisms discussed in Section III Bl at IF = 1.51 GeV, 
Q^=0.65 GeV^ (top) and at IF = 1.61 GeV, Q^=0.95 GeV^ (bottom). Full model results are shown by the black thick 
solid lines together with the contributions from the isobar channels 7 r“A"t+ (thin red lines), 7r"tA° (blue dash-dotted lines), 
(black dotted lines), and the 27r direct production mechanisms (magenta dash-dotted lines). The contributions 
from other mechanisms described in Section fllBl are comparable with the data uncertainties and are not shown in the plot. 
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FIG. 3: The ep —>■ e'p'ir'^TT electroproduction mechanisms incorporated into the JM model [^ . [^ : a) full amplitude; b) 
7r“A’*'^ and 7r“A'^^(1600)|^ isobar channels; c) tt^A*’, 7r^A°(1520)| , and 7r^A°(1685)|^ isobar channels; d) pp meson- 
baryon channel; e) the 27r direct electroproduction mechanisms. 


determined. The d^ajd^r cross sections were interpo¬ 
lated into this five-dimensional kinematic point. All de¬ 
tails related to the evaluation of the nine one-fold dif¬ 
ferential cross sections from the CLAS data on 7r~*~ 7r~p 
electroproduction off the proton can be found in Ref. . 

An example of the data analyzed in two particular bins 
of W and is shown in Fig. [51 The kinematic area cov¬ 
ered in our analysis and the data binning are summarized 
in Tables HI and m 


B. The Reaction Model for Extraction of the 
Resonance Parameters 

A phenomenological analysis of the CLAS 7r+7r“p 
electroproduction data was carried out for W < 
1.82 GeV and at photon virtualities 0.5 GeV^ < < 

1.5 GeV^. This work allows us to establish all essential 
mechanisms that contribute to the measured cross sec¬ 
tions. The peaks in the invariant mass distributions pro¬ 
vide evidence for the presence of the channels arising from 
'jvP Meson + Baryon Tr~^TT~p having an unstable 
baryon or meson in the intermediate state. Pronounced 
dependencies in the angular distributions further allow us 
to establish the relevant t-, u-, and s-channel exchanges. 
The mechanisms without pronounced kinematic depen¬ 
dencies are identified through examination of various dif¬ 
ferential cross sections, with their presence emerging from 
the correlation patterns. The phenomenological reaction 
model JM [2^ HH) lUl was developed with the pri¬ 
mary objective to determine the jvpN* electrocouplings 
and the corresponding ttA and pN partial hadronic de¬ 
cay widths from fitting all measured observables in the 
7r“''7r“p electroproduction channel. The relationships be¬ 


tween the 7r“'"7r“p electroproduction cross sections and 
the three-body production amplitudes employed in the 
JM model are given in Appendix D of Ref. . 

The amplitudes of the 7 „p —>■ 7r’''7r“p reaction are 
described in the JM model as a superposition of the 
7r“A++, tt+A*’, pp, 7r+Il]'3(1520), 7r+Ff5(1685), and 
7r”A'^'''(1600) sub-channels with subsequent decays of 
the unstable hadrons to the hnal 7r“'"7r“p state, and ad¬ 
ditional direct 27r production mechanisms, where the fi¬ 
nal 7r+7r“p state comes about without going through the 
intermediate process of forming unstable hadron states. 
The mechanisms incorporated into the JM model are 
shown in Fig. jS] 

The JM model incorporates contributions from all well- 
established N* states with listed in Table m consider¬ 
ing the resonant contributions only to ttA and pp sub¬ 
channels. We also have included the 3/2+(1720) can¬ 
didate state, whose existence is suggested in the analy¬ 
sis [1^ of the GLAS 7r“''7r p electroproduction data. In 
the versions of the JM model beginning in 2012 [T7I| . 
the resonant amplitudes are described by a unitarized 
Breit-Wigner ansatz as proposed in Ref. [^; the model 
was modified to make it fully consistent with a rela¬ 
tivistic Breit-Wigner parameterization of each individual 
N* state contributions in the JM model [5l[ that also 
accounts for the energy-dependent resonance hadronic 
decay widths. A unitarized Breit-Wigner ansatz ac¬ 
counts for the transition between the same and differ¬ 
ent resonances in the dressed resonant propagator, which 
makes the resonant amplitudes consistent with restric¬ 
tions imposed by a general unitarity condition [i^ [5^ . 
Quantum number conservation in the strong interac¬ 
tion allows for transitions between the pairs of N* 
states A(1520)3/2- o A(1700)3/2-, A(1535)l/2- o 
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iV(1650)l/2-, and 3/2+(1720) O iV(1720)3/2+ incorpo¬ 
rated into the JM model. We found that the use of the 
unitarized Breit-Wigner ansatz has a minor influence on 
the jyNN* electrocouplings, but it may substantially af¬ 
fect the N* hadronic decay widths determined from fits 
to the CLAS data. 

The non-resonant contributions to the ttA sub¬ 
channels incorporate a minimal set of current-conserving 
Born terms [2^, [5l| . They consist of t-channel pion ex¬ 
change, s-channel nucleon exchange, n-channel A ex¬ 
change, and contact terms. Non-resonant Born terms 
were reggeized and current conservation was preserved 
as proposed in Refs. [HI, [H^. The initial- and final- 
state interactions in ttA electroproduction are treated in 
an absorptive approximation, with the absorptive coeffi¬ 
cients estimated from the data from ttN scattering M- 
Non-resonant contributions to the ttA sub-channels fur¬ 
ther include additional contact terms that have different 
Lorentz-invariant structures with respect to the contact 
terms in the sets of Born terms. These extra contact 
terms effectively account for non-resonant processes in 
the ttA sub-channels beyond the Born terms, as well 
as for the final-state interaction effects that are beyond 
those taken into account by the absorptive approxima¬ 
tion. Parameterizations of the extra contact terms in the 
ttA sub-channels are given in Ref. [2^. A phenomeno¬ 
logical treatment of the initial and final state interac¬ 
tions along with the extra-contact-terms [ 1 ^ in the 
ttA sub-channels determined from fits to the data are im¬ 
portant in order to account for the constraints imposed 
by unitarity on the non-resonant amplitudes of these sub¬ 
channels. 

The contributions from the pp meson-baryon channel 
are quite small in the range of IT < 1.71 GeV where the 
resonance parameters presented in this paper are deter¬ 
mined. However, reliable accounting of this channel is 
important for ascertaining the electrocouplings and the 
corresponding hadronic parameters of the resonances in 
the aforementioned range of W. Non-resonant ampli¬ 
tudes in the pp sub-channel are described within the 
framework of a diffractive approximation, which also 
takes into account the effects caused by p-line shrink¬ 
age [13. The latter effects play a significant role in 
near-threshold and sub-threshold p-meson production for 
W < 1.71 GeV. The previous analyses of the GLAS data 
[ 2 ^ [ 2 ^ have revealed the presence of the pp sub-channel 
contributions for IT > 1.5 GeV. 

The 7r+VO(1520)3/2-, 7r+V°(1685)5/2+, and 
7r“A(1600)3/2+ sub-channels are described in the 
JM model by non-resonant contributions only. The 
amplitudes of the 7r+A°(1520)3/2“ sub-channel were 
derived from the non-resonant Born terms in the 
ttA sub-channels by implementing an additional 75 - 
matrix that accounts for the opposite parities of 
A(1232)3/2“'' and V(1520)3/2“ [HI- The magnitudes of 
the 7r+V°(1520)3/2“ production amplitudes were inde¬ 
pendently fit to the data for each bin in IT and Q^. The 
contributions from the 7r+V°(1520)3/2“ sub-channel 


N* states 
incorporated 
into the 
data fit 

Mass, 

GeV 

Total 

decay 

width 

r tot 5 

GeV 

BF 

ttA, % 

BF 

pp, % 

N* electro¬ 
coupling 
variation 
in the fit 

A(1440)l/2+ 

var 

var 

var 

var 

var 

A(1520)3/2- 

var 

var 

var 

var 

var 

A(1535)l/2- 

var 

var 

var 

var 

[251 fix 

A(1620)l/2" 

var 

var 

var 

var 

[M , var 

A(1650)l/2- 

var 

var 

var 

var 

[621 var 

A(1680)5/2+ 

1.68 

0.12 

12 

5.5 

[M , var 

A(1700)3/2- 

1.74 

0.19 

53 

45 

fix 

A(1700)3/2“ 

1.70 

0.26 

89 

2 

[52, M.1 fix 

3/2+(1720) 

1.72 

0.09 

55 

7 

fix 

A(1720)3/2+ 

1.73 

0.11 

47 

36 

fix 


TABLE III: List of resonances invoked in the 'k^'k~p fit and 
their parameters: total decay widths Ttot and branching frac¬ 
tions (BF) to the ttA and pN final states. The quoted values 
for the hadronic parameters are taken from earlier fits [^, [H] 
to the CLAS 7r''"7r“p data [^. The quantities labeled as var 
correspond to the variable parameters fit to the CLAS ■k^'k~p 
data within the framework of the current JM model ver¬ 
sion. Start values for the resonance electrocouplings are taken 
from the references listed in the last column and extrapo¬ 
lated to the area covered by the CLAS experiment 
3/2^(1720) represents the candidate A* state with the signal 
reported in a previous analysis of CLAS data [ 2 J. 


should be taken into account for IT > 1.5 GeV. 

The 7r+V°(1685)5/2+ and 7r-A++ (160^/2+ sub¬ 
channel contributions are seen in the data [^ at IT > 
1.6 GeV. These contributions are almost negligible at 
smaller IT. The effective contact terms were em¬ 
ployed in the JM model for parameterization of these 
sub-channel amplitudes [HI- The magnitudes of the 
7r+7V°(1685)5/2+ and 7r“A'''+(1600)3/2+ sub-channel 
amplitudes were Ht to the data for each bin in IT and 

In general, unitarity requires the presence of so-called 
27r direct production mechanisms in the 7 r+ 7 r“p electro¬ 
production amplitudes, where the final 7 r+ 7 r“p state is 
created without going through the intermediate step of 
forming unstable hadron states [s^. These 27r direct pro¬ 
duction processes are beyond the aforementioned con¬ 
tributions from the two-body sub-channels. 27r direct 
production amplitudes were established for the first time 
in the analysis of the CLAS 7 r+ 7 r“p electroproduction 
data [ 2 ^. They are described in the JM model by a se¬ 
quence of two exchanges in the t and/or u channels by un¬ 
specified particles that may come from two Regge trajec¬ 
tories. The amplitudes of the 27r direct production mech¬ 
anisms are parameterized by a Lorentz-invariant contrac¬ 
tion between spin-tensors of the initial and final-state 
particles, while two exponential propagators describe the 
above-mentioned exchanges by unspecified particles. The 
magnitudes of these amplitudes are ht to the data for 
each bin in IT and Q^. The contributions from the 27r 













FIG. 4: (Color Online) Manifestation of the direct 27r electroproduction mechanism relative phases in the CLAS data [2^ on 
the angular distributions over the angle The JM model results with the relative phases equal to zero are shown 

in the left column, while the computed cross sections with phases based on fits to the CLAS data [ 2 J are shown in the right 
column. The sample plots shown are for W=1.56 GeV, Q^=0.65 GeV^ (top row) and TT=1.54 GeV, Q^—0.95 GeV^ (bottom 
row). The curves for the different contributing meson-baryon channels are the same as those shown in Fig. (2] 


direct production mechanisms are maximal and substan¬ 
tial (sa 30%) for W < 1.5 GeV and they decrease with in¬ 
creasing W, contributing less than 10% for W > 1.7 GeV. 
However, even in this kinematic regime, 27r direct pro¬ 
duction mechanisms can be seen in the electro¬ 

production cross sections due to an interference of the 
amplitudes with the two-body sub-channels. Explicit ex¬ 
pressions for the above-mentioned 27r direct production 
amplitudes can be found in Appendices A-C of Ref. [^ . 
We are planning to explore the possibility to replace 
this phenomenological ansatz by the Veneziano model 
that was employed successfully in the studies of charged 
double-kaon photoproduction 

The studies of the final state hadron angular distribu¬ 
tions over ai {i = [7r“p][7r+p'], [7r+p][7r“p'], [7r-|-7r“][pp']) 


conclusively demonstrated the need to implement the rel¬ 
ative phases for all 27r direct production mechanisms in¬ 
cluded in the JM model. Figured shows the comparison 
of the measured data to the differential cross sections 
d(T/(ia[^+^-][pp/] computed within the framework of the 
JM model for values of the relative phases of the 27r direct 
production mechanisms fit to the data and for values of 
these phases equal to zero. The computed cross sections, 
assuming zero phases for all 27r direct production ampli¬ 
tudes, underestimate the measured da /cross 
sections at Q;[,r+ 7 r-][pp'] around 180° (left panel in Fig.|4|). 
This is a consequence of destructive interference of these 
contributions with the amplitudes of other relevant pro¬ 
cesses at <3^=0.95 GeV^ and insufficient constructive in¬ 
terference at (3^=0.65 GeV^. Fits to the data phases of 
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W(GeV) 


W(GeV) 


FIG. 5: (Color Online) Description of the fully integrated 7r^7r“p electroproduction cross sections achieved within the framework 
of the updated JM model discussed in Section [II Bl together with the cross sections for the various contributing mechanisms: 
full cross section (black solid), 7r“A'^^ (red thin solid), pp (green thin solid), (blue thin dashed), (1520)3/2 (black 

dotted), direct 2tx mechanisms (magenta thin dot-dashed), and 7r’'"A'^(1685)5/2^ (red thin dashed). The data fits were carried 
out at W < 1.71 GeV. 


27r direct production mechanisms change the interference 
pattern and allow us to improve the description of the 
d(T/c?a[^+^-][pp/] angular distributions at W > 1.48 GeV 
in all three Q^-bins under study, while retaining the 
same or even better quality of description of the other 
eight one-fold differential cross sections. Examples of the 
achieved improvements implementing the relative phases 
of the 27r direct production mechanisms are shown in the 
right column of Fig. U) 

The JM model provides a reasonable description of 
the nine 7r+7r“p one-fold differential cross sections for 
W < 1.8 GeV and < 1.5 GeV^. As a typical exam¬ 
ple, the nine one-fold differential cross sections and their 
corresponding descriptions for W = 1.51 GeV and = 
0.65 GeV^ and for W = 1.61 GeV and = 0.95 GeV^ 
are shown in Fig. [21 together with the contributions from 
each of the individual mechanisms incorporated into the 
JM model. Any contributing mechanism will be mani¬ 
fested by substantially different shapes in the cross sec¬ 
tions for the observables, all of which are highly corre¬ 
lated through the underlying reaction dynamics. The si¬ 
multaneous description of all the nine one-fold differential 
cross sections allows for identifying the essential mecha¬ 
nisms contributing to the 7r"''7r~p electroproduction off 
the proton. 

Descriptions of the fully integrated electropro¬ 

duction cross sections are shown in Fig. [Altogether with 
the contributions from the meson-baryon mechanisms of 
the JM model. The major part of the 7r+7r“p electro¬ 
production off the proton at W < 1.6 GeV is due to 
contributions from the two ttA isobar channels, 7r“A+''' 
and 7r+A°. The A++(1232) resonance is clearly seen in 
all TT+p mass distributions for TV > 1.4 GeV, while con¬ 
tributions from the tt+A^ isobar channel are needed to 
better describe the data in the low mass regions of the 
7T~p mass distributions. The strength of the 7r“A++ iso¬ 


bar channel observed in the data [2^,J3 is approximately 
nine times larger than that of tt'*'A° |26l| due to isospin in¬ 
variance. The CLAS data [2^ demonstrated sub-leading 
but still important contributions from the 7r+ZI]’3(1520) 
meson-baryon channel. This contribution is needed for 
a description of the 7r+ GM-angular distributions at for¬ 
ward angles and allows us to better describe the Tr~p 
invariant mass distributions as W increases (see Fig. [2). 
The contributions from 27r direct production mechanisms 
shown in Fig. [51 were obtained with the phases of these 
mechanisms derived from the GLAS data . These con¬ 
tributions are substantial, up to 30% at W < 1.5 GeV. 
They decrease sharply as W increases. Direct 27r pro¬ 
duction mechanisms become minor at W >1.7 GeV, but 
they still should be taken into account because of their 
interference with larger amplitudes of other contributing 
mechanisms. 27r direct production mechanisms are kine¬ 
matically allowed in the entire range of W, while meson- 
baryon channels with final mesons/baryons heavier than 
the pion/nucleon can be open at W larger than the re¬ 
spective threshold values. This may explain the biggest 
contributions from 27r direct production mechanisms at 
small W < 1.5 GeV. The 7r+7r“p final state interaction 
with all open meson-baryon channels may be a plausible 
explanation for the sharp decrease of these mechanism 
contributions at IV > 1.5 GeV, see Fig[A| A quantita¬ 
tive description of this pronounced effect in the behav¬ 
ior of the 27r direct production mechanisms represents a 
challenging task for the global multi-channel analysis of 
exclusive meson electroproduction within the framework 
of the coupled channel approaches under development by 
the Argonne-Osaka group [dlLI^. 

Accounting for the restrictions imposed by unitarity 
on the 7r~^7r~p electroproduction amplitudes represents 
an important requirement for reliable extraction of the 
resonance parameters. However, a rigorous implementa- 







10 


tion of unitarity for this three-body exclusive channel is 
still far from the reach of reaction theory and is outside 
the scope of this paper. To our knowledge, none of the 
available models is capable of providing fully unitarized 
amplitudes to fit the 7r+7r“p data to determine the elec¬ 
troproduction amplitudes. A very promising step in this 
direction was made by the Argonne-Osaka group [^[^. 
Nevertheless, their approach is still under development. 
In this paper we employ a strategy that allows us to 
account phenomenologically for unitarity constraints in 
extracting the resonance parameters. As was mentioned 
above, we incorporated several features in the JM model 
in order to account for the unitarity restrictions on the 
resonant/non-resonant electroproduction ampli¬ 

tudes: a) the unitarized Breit-Wigner ansatz for the res¬ 
onant amplitudes, b) the phenomenological treatment of 
the initial and final state interactions and the inclusion 
of the extra contact terms for the non-resonant ampli¬ 
tudes of the ttA sub-channels, and c) direct 2tt produc¬ 
tion mechanisms. A good description of the nine one-fold 
differential cross sections in the entire kinematic area of 
W and analyzed in this paper strongly suggests a 
reliable parameterization of the squared electro¬ 

production amplitudes achieved for the CLAS data 
fit within the framework of the JM model updated as 
was described in earlier. The electroproduction 

amplitudes determined from a fit to the data account for 
the restrictions imposed by unitarity on their magnitudes 
at the real energy axis because the measured differen¬ 
tial cross sections should be consistent with the unitarity 
constraints. The resonant contributions to the differen¬ 
tial cross sections were obtained from these amplitudes 
switching off the non-resonant parts. In Section IIIII we 
will discuss in detail the extraction of the resonant con¬ 
tributions to the differential cross sections. The resonant 
parameters were extracted from the resonant contribu¬ 
tions to the differential cross sections employing the uni¬ 
tarized Breit-Wigner ansatz for the resonant amplitudes. 
Therefore, the unitarity constraints on the resonant am¬ 
plitudes were fully taken into account. The resonant pa¬ 
rameters were obtained at the real energy axis at the res¬ 
onant point W = Mm*- The reliability of the resonance 
parameters obtained in this way is determined by credible 
isolation of the resonant contributions to the differential 
cross sections, which will be discussed in Section imi 


III. THE CLAS DATA FIT 

The resonance parameters obtained in our work were 
determined in the simultaneous fit to the CLAS tt+tt^p 
electroproduction differential cross sections [2^ in the 
three Q^-bins listed in Table HI The VF-area included in 
the fit is limited to VF < 1.71 GeV. Currently the res¬ 
onance content for the structure in the kF-dependence 
of the fully integrated 7r+7r“p cross sections at kF ss 
1.7 GeV is still under study [b^. For this reason the 
resonance parameters for the states located at kF above 


Variable parameters 

Ranges covered 
in variations of the 
start parameters, 

% from their values 

Magnitude of the additional 
contact term amplitude in the 
7 r“A^"'' sub-channel 

40.0 

Magnitude of the additional 
contact term amplitude in the 
sub-channel 

45.0 

Magnitude of the 

7 r+jV°( 1520) 3/2“ amplitude 

45.0 

Magnitudes of the six 

27r direct production 
amplitudes 

20.0-30.0 


TABLE IV: Variable parameters of the non-resonant mecha¬ 
nisms incorporated into the JM model [^ . . The ranges in 

the table correspond to the 3a areas around the start values 
of the parameters. 


1.64 GeV are outside of this paper scope. 

In order to provide a realistic evaluation of the reso¬ 
nance parameters, we abandoned the traditional least- 
squares fit, since the parameters extracted in such a fit 
correspond to a single presumed global minimum, while 
the experimental data description achieved with other 
local minima may be equally good within the data un¬ 
certainties. Furthermore, the traditional evaluation of 
the fit-parameter uncertainties, based on the error prop¬ 
agation matrix, cannot be used for the same reason. 

The special data fit procedure described in Ref. [l^ 
was employed for extraction of the resonance parame¬ 
ters. It allows us to obtain not only the best fit, but 
also to establish bands of the computed cross sections 
that are compatible with the data within their uncer¬ 
tainties. In the fit we simultaneously vary the res¬ 
onant and non-resonant parameters of the JM model 
given in Tables IIIII and IIVI respectively. More details 
on the non-resonant mechanisms listed in Table HYl can 
be found in Refs. These non-resonant mecha¬ 

nisms have an essential influence on the data description 
at kF < 1.71 GeV. The values of the aforementioned 
non-resonant/resonant parameters were evaluated under 
simultaneous variation of: 

• the magnitudes of additional contact-term ampli¬ 
tudes in the 7r“A++ and 7r+A° isobar channels (2 
parameters per Q^-bin); 

• the magnitudes of the 7r+V°(1520)3/2“ isobar 
channel (1 parameter per Q^-bin); 

• the magnitudes of all direct 27r production am¬ 
plitudes (9 parameters per Q^-bin including the 
phases described in the Section ing : 

• and the variable resonant parameters listed in Ta¬ 
ble IIIII The GLAS 7r+7r“p data [2^ at kF < 
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Resonances 

Q^,„t=0.65 

GeV^ 

Ocent.=0.95 

GeV^ 

=1.30 

GeV^ 


N* states 

Mass, 

MeV 

Total decay width, Ttot, 
MeV 

A(1440)l/2+ 

40 

30 

40 


A(1440)l/2+ 

1430-1480 

200-450 

A(1520)3/2- 

20 

20 

30 


A(1520)3/2“ 

1515-1530 

100-150 

A(1620)l/2“ 

40 

40 

40 


A(1535)l/2“ 

1510-1560 

100-200 

A(1650)l/2- 

40 

40 

50 


A(1620)l/2“ 

1600-1660 

130-160 





A(1650)l/2- 

1640-1670 

140-190 


TABLE V: a parameters employed in the variation of the 
resonance electrocouplings in % of their start values. The 
a parameters listed for the A(1620)l/2“ were applied as a 
variation of the Si/ 2 {Q^) electrocouplings only. The variation 
of the Ai/ 2 (Q^) electrocouplings of this state is described in 
Section IIVI 


1.71 GeV are mostly sensitive to the variable elec¬ 
trocouplings of the A^(1440)l/2+, iV(1520)3/2“, 
A(1620)l/2“, and 7V(1650)l/2“ states (9 reso¬ 
nance electrocouplings per Q^-bin), as well as the 
ttA and pp hadronic decay widths of these four res¬ 
onances and of the fV(1535)l/2“ state (12 param¬ 
eters that remain the same in the entire kinematic 
area covered by the fit). 

All of the aforementioned parameters are sampled 
around their start values, employing unrestricted nor¬ 
mal distributions. In this way we mostly explore the 
range of « 3cr around the start parameter values. The 
Lb-dependencies of the magnitudes of the amplitudes of 
all non-resonant contributions are determined by adjust¬ 
ing their values to reproduce the measured nine one-fold 
differential charged double-pion electroproduction cross 
sections [1^. We apply multiplicative factors to the 
magnitudes of all non-resonant amplitudes. They re¬ 
main the same in the entire Lb-interval covered by the 
fit within any Q^-bin, but they depend on the photon 
virtuality and are fit to the data in each Q^-bin inde¬ 
pendently. The multiplicative factors are varied around 
unity employing normal distributions with the a values 
in the ranges listed in Table IIVI In this way we retain 
the smooth IT-dependencies of the non-resonant contri¬ 
butions established in the adjustment to the data and 
explore the possibility to improve the data description 
in the simultaneous variation of the resonant and non¬ 
resonant parameters. 

In this fit we also vary the jvpN* electrocouplings 
and the ttA and pp hadronic partial decay widths of 
the 7V(1440)l/2+, iV(1520)3/2-, and A(1620)l/2- reso¬ 
nances around their start values. The start values of the 
iV(1440)l/2+ and iV(1520)3/2“ electrocouplings were 
determined by interpolating the results from the analy¬ 
ses [1^, [13 of the CLAS data on Nn and 7 r+ 7 r“p electro¬ 
production off the proton in the range 0.5 GeV^ < < 

1.5 GeV^. The electrocouplings of the A(1440)l/2+ and 
iV(1520)3/2“ resonances were varied employing normal 
distributions with the tr parameters listed in Table El in 
terms of % of their start values. There were no restric¬ 
tions on the minimum or maximum trial electrocoupling 
values, allowing us to mostly explore the area of « 3cr 


TABLE VI: The ranges of the resonance masses and total N* 
hadronic decay widths employed to constrain the variation 
of their partial hadronic decay widths to the ttA and pN 
final states in the fit of the CLAS 7r^7r“p electroproduction 
data [ 13 . 


around their start values. 

The TT+TT^p electroproduction channel also has some 
sensitivity to the A(1535)l/2“ state, which couples dom¬ 
inantly to the Nn and Np final states. The A(1535)l/2“ 
electrocouplings were taken from the GLAS analysis of 
Nn electroproduction [23 and varied strictly inside the 
uncertainties reported in that paper. 

The start values of the A(1620)l/2“ and A(1650)l/2“ 
electrocouplings were taken from a preliminary analy¬ 
sis [3 . In this study the resonance electrocouplings were 
adjusted to describe the nine 7 r“'' 7 r“p one-fold differen¬ 
tial cross sections [13 in the IV-interval from 1.41 to 
1.80 GeV and at 0.5 GeV^ < < 1.5 GeV^. However, 

the results [3 do not allow us to draw unambiguous con¬ 
clusions regarding the resonant content of the structure 
at Lb ~ 1.7 GeV. Therefore, we are using the results of 
this analysis as an estimate for the resonance electrocou¬ 
pling start points to fit the charged double-pion electro¬ 
production data [13 for Lb < 1.71 GeV and 0.5 GeV^ 
< < 1,5 GeV^. 

Since the resonance content of the structure at Lb ~ 
1.7 GeV is still under study, we present in this paper 
the fit results for the resonances with masses less than 
1.64 GeV. In the extraction of these resonance param¬ 
eters we also account for the contributions of the tails 
from several excited proton states in the third resonance 
region, lV(1685)5/2+, A(1720)3/2+, and A(1700)3/2-, 
with their start electrocoupling values taken from the 
analyses of Refs. SI63 and varied within 15% of their 
parameters. The A(1685)5/2+ state decays mostly to the 
Nn final states. The electrocouplings of this state deter¬ 
mined in the analyses of n'^n~p electroproduction [ 3 , [13 
are consistent with the results of independent analysis of 
Nn electroproduction [13 • This suggests a reasonable 
evaluation of the aforementioned third resonance region 
state electrocouplings in the analyses [1,|13 of the 7 r+ 7 r“p 
electroproduction data as the start values for extraction 
of the resonance parameters for the states with masses 
less than 1.65 GeV. The contributions from the tails of 
the A(1675)5/2-, A(1700)l/2+, and A(1700)3/2- res¬ 
onances were found to be negligible for Lb < 1.64 GeV. 

The ttA and pp hadronic decay widths of the 
lV(1440)l/2+, A(1520)3/2-, and A(1535)l/2- reso- 











12 


IT intervals, 
GeV 

Id.p. intervals for selected 
computed 7r"'"7r“p cross sections 

1.41-1.51 

2.12-2.30 

1.46-1.55 

2.27-2.60 

1.51-1.61 

2.55-2.85 

1.56-1.66 

2.63-2.72 

1.61-1.71 

2.49-2.68 


TABLE VII: Quality of the fit of the CLAS data Hi] on 
'k'^'k~p electroproduction off the proton within the framework 
of the updated JM model described in Section fllB I The res¬ 
onance parameters are determined from the data fit at IT < 
1.71 GeV. 


nances were varied around their start values taken from 
previous analyses of the CLAS double-pion electropro¬ 
duction data For the A(1620)l/2“ state, the start 
values of these parameters were computed as t he p rod- 
ucts of the N* total decay widths from Ref. [63 and 
the branching fractions for decays to the ttA and pN 
final states were taken from analyses of ttA ^ ttttA 
hadroproduction [^. The ranges for the variations of 
the ttA and pp hadronic decay widths were restricted 
by the total N* decay widths and their uncertainties 
shown in Table ED The total N* decay widths were 
obtained by summing the partial widths over all de¬ 
cay channels. The partial hadronic decay widths to all 
final states other than ttA and pp were computed as 
the products of RPP values of the N* total decay 
widths and branching fractions for decays to particular 
hadronic final states, which were taken from the anal¬ 
ysis of Ref. [^. We varied the ttA and pp hadronic 
decay widths of the A(1440)l/2+, A(1520)3/2“, 

A(1535)l/2-, A(1620)l/2-, and A(1650)l/2- reso¬ 
nances simultaneously with their masses, keeping the 
hadronic N* parameters independent of . The ttA and 
pp hadronic decay widths of all other resonances obtained 
in the analyses of Refs. @,113 and noted in Table ED as 
“hx” were kept unchanged. 

For each trial set of the JM model resonant and non¬ 
resonant parameters we computed nine one-fold differ¬ 
ential •K~^'K~p cross sections and the per data point 
values (x^/d.p.). The x^/d-P- values were estimated in 
point-by-point comparisons between the measured and 
computed one-fold differential cross sections in all bins 
of W from 1.41 GeV to 1.71 GeV and in the three Q^- 
bins covered by the CLAS 7r+7r“p data [IJ. In the fit we 
selected the computed one-fold differential cross sections 
closest to the data with x^/d.p. less than a predetermined 
maximum value Xmax/d-P-- The values of Xmax/^-P- were 
obtained by requiring that the computed cross sections 
with smaller x^/d.p. be within the data uncertainties for 
the majority of the data points, based on point-by-point 
comparisons between the measnred and the computed 
cross sections, see examples in Fig.[6l[71 In this fit proce¬ 
dure we obtained the jd.p. intervals within which the 
computed cross sections described the data equally well 
within the data uncertainties. 


We fit the CLAS data [ 2 ^ consisting of nine onc-fold 
differential cross sections of the ep —>■ e'p'7r+7r“ elec¬ 
troproduction reaction in all bins of W and in the 
kinematic regions of VF: 1.41 GeV < W < 1.51 GeV, 
1.46 GeV < IT < 1.56 GeV, 1.51 GeV < IT < 1.61 GeV, 
1.56 GeV < IT < 1.66 GeV, 1.61 GeV < IF < 1.71 GeV 
and 0.5 GeV^ < < 1.5 GeV^ within the framework of 

the fit procedure described above. The five intervals of 
IF listed in Table ETD were fit independently. Each of the 
aforementioned IT intervals contained 375 fit data points. 
The x^/d-P- intervals that correspond to an equally good 
data description within the data uncertainties are shown 
in Table EID Their values demonstrate the qnality of 
the CLAS 7r+7r“p data description achieved in the fits. 
Examining the description of the nine one-fold differen¬ 
tial cross sections, we found that the x^/d.p. values were 
determined mostly by the deviations of only a few exper¬ 
imental data points from the computed fit cross sections. 
There were no discrepancies in describing the shapes 
of the differential cross sections, which would manifest 
themselves systematically in neighboring bins of IT and 

. Typical fit examples for IF=1.51 GeV and neighbor¬ 
ing intervals centered at 0.65 GeV^ and 0.95 GeV^, 
as well as for IF=1.61 GeV and intervals centered at 
0.95 GeV2 and 1.30 GeV^, are shown in Fig. HE 

Since only statistical data uncertainties were used in 
the computation of the /d.p. values listed in Table EID 
we concluded that a reasonable data description was 
achieved. The y^jd.p. values of our fits are compara¬ 
ble with those obtained in the fit of the CLAS Vtt and 
7 r+7r“p electroproduction data published in Refs. [Tsll^ 
and in Ref. [^, respectively. 

For each computed cross section point the 
resonant/non-resonant contributions were estimated 
switching off the non-resonant/resonant amplitudes, 
respectively. The determined resonant/non-resonant 
contributions to the nine one-fold differential cross 
sections are shown in Fig. H E The results suggest 
the unambiguous and credible separation between the 
resonant/non-resonant contribntions achieved fitting 
the CLAS data within the framework of the 

JM model. The determined resonant/non-resonant 
contributions are located within well defined ranges 
(see Fig. H E and show no evidence for separation 
ambiguities, which would manifest themselves as sub¬ 
stantial differences between the particnlar computed 
resonant /non-resonant cross sections and the ranges 
determined for the resonant/non-resonant contributions 
as shown in Fig. HE Such features in the behavior of the 
resonant/non-resonant contributions remain unseen in 
the entire area of IT and covered by our analysis. Fur¬ 
thermore, the uncertainties of the resonant/non-resonant 
contributions are comparable with the uncertainties 
of the measured cross sections, demonstrating again 
unambiguous resonant /non-resonant separation of a 
good accuracy. The credible isolation of the resonant 
contributions makes it possible to determine the res¬ 
onance parameters from the resonant contributions 
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FIG. 6: (Color Online) Examples of fits to the CLAS data [IJ on the nine one-fold differential 7r’''7r“p electroproduction 
cross sections in particular bins of W and within the framework of the updated JM model described in Section III Bl 
The curves correspond to those fits with /d.p. within the intervals listed in Table IVIII The resonant and non-resonant 
contributions determined from the data fit within the framework of the JM15 model are shown by blue triangles and green 
squares, respectively. 
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FIG. 7: (Color Online) The same as in Fig. but in other bins of W and Q^. 
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employing for their description the amplitudes of the 
imitarized Breit-Wigner ansatz that fully accounts for 
the unitarity restrictions on the resonant amplitudes. 

The resonance parameters obtained from each of these 
equally good fits were averaged and their mean values 
were taken as the resonance parameters extracted from 
the data. The dispersions in these parameters were taken 
as the uncertainties. The resonance electrocoupling un¬ 
certainties obtained in this manner are shown in Figs. 0 
Eiiini Our fitting procedure allowed us to obtain more 
realistic uncertainties that take into account both sta¬ 
tistical uncertainties in the data and systematic uncer¬ 
tainties imposed by the use of the JM reaction model. 
Furthermore, we consistently account for the correlations 
between variations of the non-resonant and resonant con¬ 
tributions while extracting the resonance parameters. 


IV. EVALUATION OF THE RESONANCE 

ELECTROCOUPLINGS AND HADRONIC 
DECAY WIDTHS TO THE ttA AND pN FINAL 
STATES 

The procedure described in Section Hill allowed 
us to determine the jvpN* electrocouplings of the 
iV(1440)l/2+, iV(1520)3/2-, and A(1620)l/2- reso¬ 
nances and their uncertainties. Our analysis ex¬ 
tended the information on the electrocouplings of the 
iV(1440)l/2+ and A(1520)3/2“ states providing the first 
results in the range of photon virtualities 0.5 GeV^ < 
< 1.5 GeV^ from the CLAS data. The A(1620)l/2“ 
resonance decays preferentially to the Nttit final state, 
making the charged double-pion electroproduction chan¬ 
nel the major source of information on the electrocou¬ 
plings of this state. Our studies provide the first results 
on the electrocouplings and hadronic decays of this res¬ 
onance to the ttA and pp final states from analysis of 
exclusive charged double-pion electroproduction. 

A special approach was developed for the evaluation of 
the A(1620)l/2“ electrocouplings. The analysis of the 
GLAS 7r+7r“p electroproduction data revealed that the 
Axji electrocoupling of this resonance was much smaller 
than the S' 1/2 for 0.5 GeV^ < < 1.5 GeV^ [1]. The 

Ai /2 variations computed as a percentage of the start 
value became too small. For realistic uncertainty esti¬ 
mates we varied A 2/2 in n much wider range that made 
its tested absolute values comparable with those for the 
S' 1/2 electrocoupling. We fit the CLAS data [U on 
TT^'K~p electroproduction by varying as described 

above, keeping the variation of all other resonant and 
non-resonant parameters as described in Section uni 
In order to compare our results on the V(1440)l/2+ 
and A(1520)3/2“ electrocouplings in the 7r+7r“p electro¬ 
production channel with their values from the analysis of 
Vtt electroproduction, we must use in both of the exclu¬ 
sive electroproduction channels common branching frac¬ 
tions for the decays of these resonances to the Vtt and 
Vtttt final states. According to the RPP [b^, the sum of 


the branching fractions into the Att and Atttt final states 
accounts for almost 100% of the total decay widths of the 
A(1440)l/2+ and A(1520)3/2“ states. Since the Att ex¬ 
clusive electroproduction channels are most sensitive to 
contributions from the A(1440)l/2+ and A(1520)3/2“ 
resonances, we re-evaluated the branching fraction for 
decay to the Atttt final states BF{NTnT)corr as: 

BF(A7r7r)corr = 1 - BF{N-k). (1) 

For these resonance decays to the Atttt final states 
it turns out that the estimated branching fractions 
BF{NTnT)corr from Eq.([T|) are slightly (<10%) differ¬ 
ent with respect to those obtained from the tt+tt^p 
fit (i?F(ATrTr)o). Therefore, we multiplied the ttA 
and pp hadronic decay widths of the A(1440)l/2+ 
and A(1520)3/2“ from the Tr+Tr“p fit by the ratio 
■ The A(1440)l/2+ and A(1520)3/2- elec¬ 
trocouplings obtained in our analysis were then multi¬ 
plied by the correction factors 

_ / Rf(ATTTT)~ . . 

y BF{N^^),orr ^ ^ 

in order to keep the resonant parts and the computed 
differential cross sections unchanged under the 

re-scaling of the resonance hadronic decay parameters 
described above. 

The electrocouplings of the A(1440)l/2+, 
A(1520)3/2“, and A(1620)l/2“ resonances were 
determined in our analysis for 0.5 GeV^ < < 

1.5 GeV^, where there is still no data on observables of 
other exclusive meson electroproduction channels mea¬ 
sured with CLAS. We have developed special procedures 
to test the reliability of the resonance ‘jvpN* electro¬ 
couplings and their ttA and pp partial hadronic decay 
widths extracted from the charged double pion electro¬ 
production data only. In order to check the reliability 
of the extracted y^pA* electrocouplings, we carried out 
the extraction of the resonance parameters of all of the 
aforementioned resonances independently, fitting the 
CLAS Tr“''Tr“p electroproduction data in the five 
overlapping intervals of W given in Table I VIII covering 
in each ht the three Q^-bins centered at 0.65 GeV^, 
0.95 GeV^, and 1.30 GeV^. The non-resonant ampli¬ 
tudes in each of the aforementioned W-intervals are 
different, while the resonance parameters should remain 
the same as they are determined from the data fit in 
different W-intervals. The A(1440)l/2+, A(1520)3/2-, 
and A(1620)l/2“ state electrocouplings extracted in 
the ht of the Tr+Tr“p CLAS data in the different 
IF-intervals are shown in Figs. 0 0 andlTUl 

The values of the A(1440)l/2+ and A(1520)3/2“ elec¬ 
trocouplings, as well as the S' 1/2 electrocoupling of the 
A(1620)l/2“, obtained from independent analyses of the 
different W-intervals, are consistent within the uncer¬ 
tainties. The values of the A 1/2 electrocoupling of the 
A(1620)l/2“ state from the ht of the W-interval from 







16 


0.07 



1.2 
(GeV^) 



1.2 
(GeV^) 


FIG. 8: (Color Online) Electrocouplings of the A^(1440)l/2^ resonance determined from analysis of the CLAS 7r+7r“p electro¬ 
production data [ 2 J carried out independently in three intervals of W: 1.41 GeV < IF < 1.51 GeV (black squares), 1.46 GeV 
< IF < 1.56 GeV (red circles), and 1.51 GeV < IF < 1.61 GeV (blue triangles). 
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FIG. 9: (Color Online) Electrocouplings of the V(1520)3/2“ resonance determined from analysis of the CLAS electro¬ 

production data [iJ] carried out independently in three intervals of IF: 1.41 GeV < IF < 1.51 GeV (black squares), 1.46 GeV 
< IF < 1.56 GeV (red circles), and 1.51 GeV < IF < 1.61 GeV (blue triangles). 


1.51 GeV to 1.61 GeV are different in comparison to 
the fit results of the two others IF-intervals. We con¬ 
sider the values of the A(1620)l/2“ electrocouplings de¬ 
termined in the IF-interval from 1.56 GeV to 1.66 GeV 
as the most reliable, since the others IF-intervals over¬ 
lap only over part of the resonance line width of the 
A(1620)l/2“. The consistent results on the 'jvpN* elec¬ 
trocouplings from the independent analyses of different 
IF-intervals strongly support the reliable extraction of 
these fundamental quantities, as well as the capability 
of the JM model to provide reliable information on the 


jvpN* resonance electrocouplings from analysis of the 
data on exclusive charged double-pion electroproduction. 

The final results on the fV(1440)l/2+, fV(1520)3/2-, 
and A(1620)l/2“ electrocouplings are listed in Ta¬ 
bles Eini m and lx] T hey were determined from the 
fit of the GLAS data in the IF-intervals given in the 
captions of Tables I Vllli HXl and 1X1 covering the three Q^- 
bins centered at 0.65 GeV^, 0.95 GeV^, and 1.30 GeV^. 
The intervals over IF within which the resonance electro¬ 
couplings were extracted were determined by the require¬ 
ment that the selected IF intervals overlap the area of 
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FIG. 10: (Color Online) Electrocouplings of the A(1620)l/2“ resonance determined from analysis of the CLAS 7r^7r“p electro¬ 
production data [ 2 J carried out independently in three intervals of W: 1.51 GeV < W < 1.61 GeV (black squares), 1.56 GeV 
< W < 1.66 GeV (red circles), and 1.61 GeV < W < 1.71 GeV (blue triangles). 


Q, 

GeV^ 

Ai/2, 

GeV“i/2*1000 

Sl/2 

GeV“i/2*iooo 

0.65 

0.95 

1.30 

15.5 ± 10.2 

12.5 ±5.4 

5.5 ±4.4 

-46.3 ± 3.8 
-30.9 ±7.0 
-17.2 ±5.6 


Q, 

GeV^ 

Ai/2, 

GeV“i/^*1000 

5i/2 

GeV“i/2*1000 

0.65 

0.95 

1.30 

21.4 ±6.2 

29.6 ±6.5 

42.6 ±9.3 

25.7 ±5.9 
25.6 ±6.2 
29.4 ±5.5 


TABLE VIII: Electrocouplings of the ^(1440)1/2+ resonance 
determined from this analysis of 7r'^7r“p electroproduction off 
the proton [23| at 1.41 GeV < IV < 1.51 GeV within the 
framework of the updated JM model described in Section fll Bl 


Q, 

GeV^ 

Ai/2, 

GeV“i/2*1000 

5i/2, 

GeV“i/2*1000 

A3/2, 

GeV“i/2*iooo 

0.65 

0.95 

1.30 

-52.9 ± 7.5 
-50.8 ±7.9 
-39.6 ± 6.3 

-29.4 ±3.1 
-27.3 ±7.1 
-9.8 ±2.9 

42.9 ±7.1 
32.7 ±6.2 
25.2 ±3.3 


TABLE IX: Electrocouplings of the A^(1520)3/2“ resonance 
determined from this analysis of 7r^7r“p electroproduction off 
the proton [23 ] at 1.46 GeV < IV < 1.56 GeV within the 
framework of the updated JM model described in Section fll Bl 


masses below and above the central resonance mass val¬ 
ues. The resonance electrocoupling uncertainties reflect 
both the experimental data uncertainties and the system¬ 
atic uncertainties imposed by the extraction model. 

The A-Yji electrocouplings of the 7V(1440)l/2+ state 
are positive and increase with supporting the zero 
crossing observed for this electroexcitation amplitude 


TABLE X: Electrocouplings of the A(1620)l/2~ resonance 
determined from this analysis of 7r'*'7r~p electroproduction off 
the proton at 1.56 GeV < IV < 1.66 GeV within the 
framework of the updated JM model described in Section fll Bl 


in our previous analyses of the CLAS A^tt and N'K'k 
electroproduction data [ 2 ^ The electrocou¬ 

plings of the Af(1520)3/2“ state are negative and in¬ 
crease with photon virtualities, confirming the local min¬ 
imum at ^ Ri 0.45 GeV^ observed in our previous anal¬ 
yses [ 2 ^, [ 23 . The electroexcitation of the A(1620)l/2“ 
resonance is dominated by longitudinal electrocouplings 
in the entire area of photon virtualities covered in our 
analysis, 0.5 GeV^ < < 1.5 GeV^. 

In this analysis we also obtained the hadronic de¬ 
cay widths of the Af(1440)1/2+, Af(1520)3/2“, and 
A(1620)l/2“ resonances to the ttA and pp final states. 
These parameters were determined from the 7r+7r“p elec¬ 
troproduction data under simultaneous variations 
of the resonance masses, 'jvpN* electrocouplings, and 
hadronic decay widths to the ttA and pN final states un¬ 
der the requirement of Q^-independence of the resonance 
masses and hadronic decay parameters. 

The Af (1440)1/2+ and A(1520)3/2“ masses, as well as 
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Parameter 

Current analysis of the CLAS 
7 r^7r“p data [2^ at 

0.5 GeV^ < < 1.5 GeV^ 

Previous analysis [2^ of the CLAS 
7 r^7r“p data [2^ 0.25 at 

0.25 GeV^ < < 0.6 GeV^ 

RPP 

Breit-Wigner mass, MeV 

1454 ± 11 

1458 ± 12 

1420-1470 (« 1440) 

Breit-Wigner width, MeV 

352 ± 37 

363 ± 39 

200-450 (« 300) 

ttA partial decay width, MeV 

120 ± 41 

142 ± 48 


ttA be, 

20%-52% 

23%-58% 

20%-30% 

pp partial decay width, MeV 

4.9 ± 2.2 

6.2 ± 4.1 


pp BE 

< 2.0% 

< 2.0% 

< 8.0% 


TABLE XI: Hadronic parameters of the A^(1440)l/2^ resonance determined from the CLAS data on 7r''"7r p electropro¬ 
duction off the proton within the framework of the updated JM model described in Section FlI Bl in comparison with the results 
of our previous analysis and RPP f^ . 


Parameter 

Current analysis of the CLAS 
'K^'K~p data [2^ at 

0.5 GeV^ < < 1.5 GeV^ 

Previous analysis [24| of the CLAS 
7 r^7r“p data at 

0.25 GeV^ < < 0.6 GeV^ 

RPP 

Breit-Wigner mass, MeV 

1522 ± 5 

1521 ± 4 

1515-1525 (« 1520) 

Breit-Wigner width, MeV 

125 ± 4 

127 ± 4 

100-125 (« 115) 

ttA partial decay width, MeV 

36 ± 5 

35 ± 4 


ttA be 

25%-34% 

24%-32% 

15%-25% 

pp partial decay width, MeV 

13 ± 6 

16 ± 5 


pp BE 

4.8%-16% 

8.4%-17% 

15%-25% 


TABLE XII: Hadronic parameters of the A^(1520)3/2“ resonance determined from the CLAS data on electropro¬ 

duction off the proton within the framework of the updated JM model described in Section FlI Bl in comparison with the results 
of our previous analysis and RPP [^ . 


the branching fractions for the decays to the ttA and pN 
final states extracted in the fit of the data [ 2 ^ , are given 
in Tables IXII and IXIII in comparison with the results of 
our previous analysis m of the CLAS 7 r''" 7 r p electro¬ 
production data carried out at smaller W and Q^. 
The results of our current analysis on the A(1440)l/2+ 
and Al(1520)3/2“ masses, and their total and partial 
hadronic decay widths to the ttA and pp final states are 
consistent. A successful description of the CLAS 7 r+ 7 r“p 
electroproduction data over different and wide ranges of 
photon virtualities, 0.25 GeV^ < < 0.6 GeV^ (previ¬ 
ous analysis [l^) 0.5 GeV^ < < 1.5 GeV^ (current 

analysis), strongly support the reliable separation of the 
resonant and non-resonant contributions achieved within 
the framework of the JM model and the credible extrac¬ 
tion of the A(1440)l/2+ and A(1520)3/2“ resonance 
parameters. Both the current and previous analyses of 
the GLAS tt+tt'p electroproduction data suggest that 
the pp hadronic decay widths of the 7V(1440)l/2+ and 
A(1520)3/2“ resonances are smaller than those reported 
in the RPP, and that the ttA hadronic decay widths 
of the A(1520)3/2“ are larger than those reported in 
RPP [i^. The successful description of the GLAS 7 r+ 7 r“p 
electroproduction data [ 2 ^, [ 2 ^ in a wide area of from 
0.25 GeV^ to 1.5 GeV^ achieved with Q^-independent 
resonance hadronic parameters, makes the results pre¬ 
sented in Tables lU and IXIII reliable. They offer new 
information on the hadronic decays of the A(1440)l/2+ 
and A(1520)3/2“ resonances to the ttA and pN final 


states that may be considered as input for the upcoming 
RPP edition. 


For the first time the hadronic decay parameters of the 
A(1620)l/2“ resonance listed in Table IXllIl have become 
available from the analysis of the 7 r“'" 7 r“p electroproduc¬ 
tion data. The mass, total width, and the branching 
fractions for decays of the A(1620)l/2~ to the ttA final 
states obtained in our analysis are in good agreement 
with the RPP results [ 6 ^. The current analysis suggests 
much larger values of the branching fractions for decays 
of the A(1620)l/2“ to the pp final states in comparison 
with those presented in RPP. A successful description of 
the GLAS 7 r+ 7 r“p electroproduction data [2^ with 
independent values of the A(1620)l/2“ hadronic decay 
widths strongly supports the branching fraction values 
listed in Table IXIIII The large values determined for the 
branching fraction for decays of the A(1620)l/2“ to the 
pp final states represent an interesting and unexpected 
result, since the A(1620)l/2“ state is located in the sub¬ 
threshold area for pp electroproduction off the proton. 
The absence of p peaks in the data on the 7 r"'' 7 r“ invariant 
mass distributions at IF ~ 1.5 GeV, in combination with 
large pp hadronic decays of the A(1620)l/2“, impose re¬ 
strictions on the upper limits of the A 1/2 electrocouplings 
for the A(1620)I/2“ state, making their absolute values 
much smaller than those of the S' 1/2 electrocouplings. 
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Parameter 

Current analysis of the CLAS 
7 r^7r“p data [2^ at 

0.5 GeV^ < < 1.5 GeV^ 

RPP 

Breit-Wigner mass, MeV 

1631 ± 12 

1600-1660 (« 1630) 

Breit-Wigner width, MeV 

148 ± 10 

130-150 (« 140) 

ttA partial decay width, MeV 

66 ± 23 


ttA BF, 

27%-64% 

30%-60% 

pp partial decay width, MeV 

70 ± 21 


pp BF 

31%-63% 

7%-25% 


TABLE XIII: Hadronic parameters of the A(1620)l/2 resonance determined from the CLAS data on tt^tt p electropro¬ 
duction off the proton within the framework of the updated JM model described in Section Til Bl in comparison with RPP 
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FIG. 11: Description of the resonance electroexcitation amplitudes within the framework of DSEQCD 3113,111: A) the 
amplitude for the transition p —>■ three dressed quarks or the ground state wave function ^jJp, B) the amplitude for the transition 
three dressed quarks N* or the excited nucleon state wave function tpN*, C) the amplitude that describes the interaction 
between the virtual photon and three dressed quarks bound by the non-perturbative strong interaction between pairs of 
correlated quarks (di-quark) and by the dressed quark exchange between the di-quark pair and third quark. The virtual photon 
interactions with the quark and di-quark currents are shown on the left and top right diagrams, respectively. The di-quark 
currents incorporate the transitions between di-quarks of the same and different quantum numbers. The full N —>■ N* transition 
amplitude can be found in Fig. Cl of Ref. [3ll| . 


V. IMPACT ON STUDIES OF THE N* 
STRUCTURE FROM THE NEW CLAS RESULTS 

In this section we discuss the impact of the new 
CLAS results on the A(1440)l/2+, Al(1520)3/2“, and 
A(1620)l/2“ electrocouplings and their partial hadronic 
decay widths to the ttA and pN final states on the con¬ 


temporary understanding of the structure of these states. 
We will also outline new possibilities for hadron structure 
theory to employ these experimental results in order to 
explore how the dynamical properties of three constituent 
dressed quarks inside the resonance quark core emerge 
from QCD. 
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FIG. 12: (Color Online) The F* and F 2 transition p —>■ A^(1440)l/2^ form factors: experimental results from analyses of the 
CLAS data on Nn [ 2 ^ (red circles) and 'k^'k~p [23 (black triangles) electroproduction off the proton and the results of this 
present work (blue squares). The data are shown in comparison with DSEQCD evaluations [3^ start from the QCD Lagrangian 
(black dashed line) and after accounting for the meson-baryon cloud contributions as described in Section FV Al fblue thick solid 
line). 


A. A(1440)l/2’'' and A(1520)3/2 Resonances 

Previous studies of the iV(1440)l/2+ and 
iV(1520)3/2“ resonances with the CLAS detector 
have provided the dominant part of the world-wide infor¬ 
mation available on their electrocouplings in a wide range 
of photon virtualities 0.25 GeV^ < < 5.0 GeV^. This 

paper extends the GLAS results on the iV(1440)l/2+ 
and A(1520)3/2“ jvpN* electrocouplings in the range 
of photon virtualities from 0.5 GeV^ to 1.5 GeV^ 
where there is limited availability of data. Previous 
studies of 7r+7r“p electroproduction have allowed 
us to determine the Af(1440)l/2+ and Af(1520)3/2“ 
partial decay widths to the ttA and pp final states. Our 
current studies confirmed the previous results on 
these hadronic decays. Currently the Af(1440)l/2+ and 
iV(1520)3/2“ states, together with the A(1232)3/2+ 
and iV(1535)l/2“ resonances [l|, represent the most 
explored excited nucleon states. Detailed information 
on the electrocouplings of these states that are available 
for the first time from CLAS, have already provided a 
profound impact on the contemporary understanding of 
the nucleon resonance structure flam. 

Recent progress in the studies of resonance structure 
achieved within the framework of the Dyson-Schwinger 
Equations of QCD (DSEQCD) fl, [3l|, m allowed us 
for the first time to interpret the experimental results on 
the nucleon elastic form factors, as well as the magnetic 
p —>■ A and p —>■ A(1440)l/2+ Dirac (Ej*) and Pauli 


{F 2 ) transition from factors start from the QCD La¬ 
grangian. Currently this approach is capable of evaluat¬ 
ing the contributions from the quark core of three dressed 
quarks to the nucleon elastic and p —^ N* transition 
form factors. DSEQCD approaches describe the ground 
and excited nucleons as bound systems of three dressed 
quarks that represent the complex objects generated non- 
perturbatively from an infinite number of QCD quarks 
and gauge gluons. The dynamical properties of dressed 
quarks, the momentum dependent mass M{p) and form 
factors, that enter into the quark electromagnetic cur¬ 
rent, are determined start from the QCD Lagrangian em¬ 
ploying the towers of gap equations for quarks and glu¬ 
ons fli . The ground and excited nucleon state masses and 
the transition amplitudes, p —>■ three dressed quarks (the 
ground state wave function) and three dressed quarks 
—>■ N* (the excited nucleon state wave function), are 
obtained in a Poincare covariant approach employing 
Faddeev equations for the three dressed quarks. The 
non-perturbative interactions between the three dressed 
quarks are reduced to a quark-quark interaction that gen¬ 
erates pairs of correlated quarks, the so-called dynamical 
di-quark, and dressed quark exchanges between the di¬ 
quark pair and thir d q uark shown in the parts labeled 
“C” in Fig. [TT] fl, [t^. The ground and excited nu¬ 
cleon state masses emerge as poles in the energy depen¬ 
dence of the amplitude with the respective spin-parity 
that comes from the Faddeev equation solution. The 
ground/excited nucleon state wave functions represent 
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the residues of the Faddeev equation solutions at the 
respective pole positions. The resonance electroexcita¬ 
tion amplitudes, depicted in Fig. [TTl are evaluated as 
the product of three amplitudes: A) ground state p 
three dressed quarks, B) three dressed quarks reso¬ 
nance N*, and C) interaction between real/virtual pho¬ 
tons and the three dressed quarks. The latter part C is 
described mostly by real/virtual photon couplings to the 
dressed quark and di-quark pair currents. All details on 
the evaluations of resonance electroexcitation amplitudes 
can be found in Refs. Is^. 

The resonance electroexcitation amplitudes shown in 
Fig. [TT] should be sensitive to the momentum dependence 
of the dressed quark mass M (p), since it affects all quark 
propagators and dresse d q uark currents. Moreover, it 
was shown in Refs. [sil . l33j | that the momentum depen¬ 
dence of the dressed quark mass has a pronounced influ¬ 
ence on the wave functions of the ground and excited nu¬ 
cleon states. DSEQCD studies of experimental results on 
elastic nucleon form factors confirmed these expecta¬ 
tions and revealed considerable sensitivity of the nucleon 
elastic form factors to the momentum dependence of the 
dressed quark mass function. It was found that the loca¬ 
tion of the zero crossing for the ratio PpGe/Gm{Q^) is 
determined by the derivative of the dressed quark mass 
function M{p). 

The need to employ a momentum-dependent dressed 
quark mass function was conclusively demonstrated in 
the studies of the N ^ A magnetic transition form factor 
within the DSEQCD framework Q. Computations em¬ 
ploying a dressed quark with a momentum-independent 
mass generated by simplified contact quark-quark in¬ 
teractions were able to describe the experimental re¬ 
sults only in a very limited range of photon virtualities 
< 3.0 GeV^. Instead, the DSEQCD evaluation with 
running quark mass successfully reproduced the exper¬ 
imental data at > 1.0 GeV^ in the entire range of 
photon virtualities covered by measurements reaching up 
to 8.0 GeV2. 

The recent DSEQGD studies of the A^(1440)l/2+ reso¬ 
nance electroexcitation derive from a realistic quark- 
quark interaction that generates a momentum-dependent 
dressed quark mass function. The evaluated contribu¬ 
tions from the quark core to the Dirac and to the 
Pauli F 2 p —s- Af(1440)l/2+ transition form factors are 
shown in Eig. [T2]by the dashed lines in comparison with 
the GLAS experimental results published in Refs. 
as well as with those obtained in this present work. DSE¬ 
QCD reasonably reproduces the experimental results for 
> 2.5 GeV^. However, a pronounced disagreement 
for < 1.0 GeV^, in particular, for the Pauli F 2 
form factor, suggests significant contributions from de¬ 
grees of freedom other than the quark core, presum¬ 
ably the meson-baryon cloud found in the global multi¬ 
channel analysis of exclusive meson photo-, electro-, and 
hadroproduction data [i^. These contributions are still 
beyond the scope of DSEQGD studies [s^. However, 
we have to account for the fraction of the meson-baryon 


degrees of freedom in the wave functions of the ground 
and excited nucleon states. We choose to estimate this 
contribution by multiplying the p —s- A^(1440)l/2+ tran¬ 
sition form factors computed within the DSEQCD ap¬ 
proach by a common Q^-independent factor fit to 
the data for > 3.0 GeV^, where the meson-baryon 
cloud contributions are much smaller than those from 
the quark core. The fit value of this factor of 0.73 is 
consistent with the results of a recent advanced light 
front quark model [4^, which employs the parameteri¬ 
zation of running quark mass function in spirit of DSE¬ 
QCD 3 . The p —>■ Af(1440)l/2+ transition form factors 
obtained in this way are shown in Fig.[T2]by the solid blue 
lines. A good description of the experimental results for 

> 1.5 GeV^ is achieved within the entire range of 
photon virtualities covered by the measurements. 

The dressed quark mass function used in the DSE¬ 
QCD computations of the p Af(I440)I/2+ transition 
form factors is exactly the same as that employed 
in the previous evaluations of the nucleon elastic and 
magnetic p ^ A transition form factors [3l|, [3^. The 
A(1232)3/2+ and A(1440)l/2+ excited nucleon states 
have a distinctively different structure: spin-flavor flip 
for the A(1232)3/2+ and the first radial excitation of 
three dressed quarks for the 7V(1440)l/2+. A success¬ 
ful description of the elastic and transition form fac¬ 
tors to nucleon resonances of distinctively different struc¬ 
ture achieved with the same dressed quark mass function 
strongly underlines: 

• the relevance of dynamical dressed quarks with the 
properties predicted by the DSEQCD approach Q 
as constituents of the quark cores for the structure 
of the ground and excited nucleon states; 

• the capability of the DSEQCD approach [3l|, [s^ 
to map out the dressed quark mass function from 
the experimental results on the Q^-evolution of the 
nucleon elastic and p N* transition form factors 
{■jypN* electrocouplings) from a combined analy¬ 
sis. 

Consistent results on the momentum dependence of the 
dressed quark mass function obtained from independent 
analyses of nucleon elastic and p —>■ N* form factors, 
i.e. jvpN* electrocouplings for the transition to excited 
nucleons with different quantum numbers, are critical in 
order to prove the reliable access to this fundamental 
quantity. 

DSEQCD analyses [3l|, |3^ of the CLAS results on the 
p —>■ A and p —>■ A( 1440) 1/2+ transition form factors 
(the latter shown in Fig. [T3l) have demonstrated the ca¬ 
pability of accessing the dressed quark mass function 
from the experimental data for the first time. Stud¬ 
ies of the dressed quark mass function will address the 
most challenging and still open problems of the Stan¬ 
dard Model on the nature of the dominant part of the 
hadron mass, quark-gluon confinement, its emergence 
from QCD, and its relation to dynamical chiral symme- 
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FIG. 13: (Color Online) The A 1/2 and 51/2 ^vpN* electrocouplings of the A'^(1440)l/2"'' resonance: experimental results from 
analyses of the CLAS data on Ntv [ 2 ^ (red circles) and 7r^7r“p (black triangles) electroproduction off the proton and 
the results of this work (blue squares). The data are shown in comparison with the DSEQCD evaluations [s^ (blue thick 
solid) and the results from constituent quark models that account for the contributions from both the quark core and the 
meson-baryon cloud: [1^ (thin red solid) and [4^ (thin red dashed). The calculations of thin red line includes pion loops and a 
parametrization of the running quark mass, and the calculations of dashed red line contains Na contributions and fixed quark 
mass. The meson-baryon cloud contributions obtained from the experimental data (see Section FV All are shown by the magenta 
thick dashed lines. 


try breaking, which is expected to be the source of more 
than 98% of the hadron mass in universe Q. 

Recent advances in the development of the constituent 
quark models make it possible to extend the Q^-range 
for a better description of the 7 „piV* electrocouplings in 
comparison with DSEQCD approaches, taking into ac¬ 
count both contributions from the quark core and the 
meson-baryon cloud. The two models [1^, describe 
the structure of the A^(1440)l/2+ resonance as an in¬ 
terplay between the contributions from the inner core of 
three dressed quarks in the first radial excitation and an 
external meson-baryon cloud. Both approaches treat the 
quark core contributions within the light front frame¬ 
work. The first model employs a phenomenologi¬ 
cal momentum-dependent dressed quark mass motivated 
by the DSEQCD results [3l|, , while the second [i^ 

employs constituent quarks of momentum-independent 
mass. The meson baryon cloud is modeled by ttN loops 
in the first approach |45l l , w hile the ap loops are employed 
in the second approach . The CLAS experimental re¬ 
sults on the Ai /2 and «S'i /2 "ivpN* electrocouplings of the 
TV(1440) 1/2+ resonance are shown in Fig. Fl^i n compar¬ 
ison with the expectations from DSEQCD and from 
the aforementioned two advanced constituent quark mod¬ 
els (isl . . Accounting for the meson-baryon cloud con¬ 
tributions allowed us to considerably improve the descrip¬ 


tion of the experimental data at < 2.0 GeV^, confirm¬ 
ing the relevance of meson-baryon degrees of freedom in 
the A^(1440)l/2+ structure at these distances that had 
previously been established in multi-channel analyses of 
exclusive meson photo-, electro-, and hadroproduction 
experimental data (43 |. 

The CLAS results on the jvpN* electrocouplings of the 
A^(1520)3/2“ resonance are shown in Fig. [TH The cur¬ 
rently available models for the description of the struc¬ 
ture of this state account for quark core contributions 
only. The quark core contributions to the 7 „pTV* electro¬ 
couplings of most well-established excited nucleon states 
were explored within the framework of two conceptually 
differen t ap proaches: a) hypercentral constituent quark 
model [ 4 ^ and b) Bethe-Salpeter approach that em¬ 
ploys structureless constituent quarks with momentum- 
independent mass and an instanton quark-quark inter¬ 
action [ 33 . The hypercentral constituent quark model 
provides a reasonable description of the experimental re¬ 
sults at > 1.0 GeV^ as shown in Fig. [T31 At smaller 
photon virtualities there are substantial discrepancies be¬ 
tween the model [i^ and the GLAS results. A similar 
observation comes from the comparison of the GLAS re¬ 
sults with the Bethe-Salpeter approach [s^. Estimates 
for the contributions from the meson-baryon cloud to 
the structure of the Al(1520)3/2“ resonance were ob- 
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FIG. 14: (Color Online) The A 1 / 2 , S 1 / 2 , and A 3/2 'yvpN* electrocouplings of the A^(1520)3/2 resonance: experimental results 
from analyses of the CLAS data on Nn (red circles) and 'k'^'k~p (black triangles) electroproduction off the proton and 
the results of this present work (blue squares). The data are shown in comparison with the predictions of the hypercentral 
quark model (thin black solid). The meson-baryon cloud contributions obtained in a global multi-channel Nn photo-, 
electro-, and hadroproduction data analysis are shown by the thick dashed magenta lines. 


tained in Ref. [1^ from a global multi-channel analy¬ 
sis of the experimental data on exclusive pion photo-, 
electro-, and hadroproduction. The absolute values of 
the meson-baryon cloud shown in Fig. [TJ] are maximal 
at small photon virtualities where discrepancies between 
the quark model expectations and the experimental data 
are largest. Hence, the meson-baryon cloud contribu¬ 
tions may explain the difference between the CLAS data 
and the quark model expectations for the jvpN* electro¬ 
couplings of the iV(1520)3/2“ resonance. The aforemen¬ 
tioned studies of the CLAS data in Fig. [HI suggest that 
the structure of the iV(1520)3/2“ resonance arises from 
the contributions from the inner core of three dressed 
quarks in the hrst orbital excitation with L = 1 and the 
external meson-baryon cloud. The contributions from 
the meson-baryon cloud are strongly dependent on the 
helicity of the N* electroexcitation amplitudes. They 
decrease with photon virtuality . 


to estimate the meson-baryon cloud contributions as the 
difference between the fit of the experimental results and 
the quark core electroexcitation amplitudes from DSE- 
QCD [s^. The meson-baryon cloud contributions to the 
electrocouplings of the iV(1440)l/2+ state obtained in 
this way are shown in Fig. [13] by the thick dashed ma¬ 
genta lines. The meson-baryon cloud contributions to the 
Ai /2 electrocouplings of the Af(1440)l/2+ are maximal 
for < 1.0 GeV^. At > 1.0 GeV^ they rapidly de¬ 
crease with photon virtualities and become negligible for 
> 2.0 GeV^. The meson-baryon cloud contributions 
to the Si /2 electrocouplings of the 7V(1440)l/2+ show a 
rather slow Q^-evolution for 2.0 GeV^ < < 5.0 GeV^. 

The 51/2 electrocouplings of the iV(1440)l/2+ are pro¬ 
portional to the difference 




(3) 


The CLAS data on the jvpN* electrocouplings of 
the iV(1440)l/2+ and iV(1520)3/2“ resonances, together 
with the results from previous studies [ 2 ^ and recent 
analyses of the N* electroexcitations in the third reso¬ 
nance region 0 , 0 , strongly suggest that the struc¬ 
ture of nucleon resonances for < 5.0 GeV^ is deter¬ 
mined by a complex interplay between the inner core of 
three dressed quarks bound to the states with the quan¬ 
tum numbers of the nucleon resonance and the external 
meson-baryon cloud. The quark core fully determines 
the spins and parities of the resonances, while the meson- 
baryon cloud affects the resonance masses, electroexcita¬ 
tion amplitudes, and hadronic decay widths. 

Access to the different components in the resonance 
structure represents a challenging objective. The credi¬ 
ble DSEQCD evaluation of the quark core contributions 
to the electrocouplings of the A^(1440)l/2+ [s^ allows us 


where Mu and Mn are the A^(1440)l/2+ and nucleon 
masses, respectively. Eor > 2.0 GeV^, the contri¬ 
butions from the quark core almost cancel out, mak¬ 
ing the 5 i /2 electrocouplings of the 7V(1440)l/2''' more 
sensitive to the meson-baryon cloud contributions for 
> 2.0 GeV2. 

The analysis of the CLAS data has revealed a substan¬ 
tial dependence of the meson-baryon cloud contributions 
on the quantum numbers of the excited nucleon states 
and the transition helicity amplitudes. The magnitudes 
of the meson-baryon dressing amplitudes for the A 1/2 
electrocouplings of the iV(1520)3/2“ are much smaller 
than for either the 5 i /2 or A 3/2 electrocouplings (see 
Fig. (Hj), as well as with the electrocoupling for the 
A^(1440)l/2+ (see Fig. [T3|). This makes the Aiji elec¬ 
trocoupling of the 7V(1520)3/2“ attractive for the stud¬ 
ies of quark degrees of freedom in the structure of the 
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FIG. 15: (Color Online) The first results on the and Sxji 'jvpN* electrocouplings of the A(1620)l/2 resonance from the 
CLAS data on 7r''"7r“p electroproduction off the proton in comparison with a hypercentral constituent quark model 
(thick black solid lines) and the Bethe-Salpeter approach (blue dashed lines). The photocoupling value is taken from the 

Rpp m. 


A^(1520)3/2“ resonance. 

Studies of the parton content of excited nucleons 
have been already initiated by the Regensburg Univer¬ 
sity theory group Recent developments in the 

Light-Cone-Sum-Rule (LCSR) approach allowed us for 
the first time to determine the partonic structure of 
the A^(1535)l/2“ resonance [2^ from the CLAS exper¬ 
imental results on the electrocouplings of this state for 
> 2.0 GeV^ [i^. The analysis of the Af(1520)3/2- 
electrocouplings within the framework of the LCSR ap¬ 
proach were carried out in Ref. [^ . However, this ap¬ 
proach employs quark distribution amplitudes for the nu¬ 
cleon ground states only. Future LCSR evaluations of 
the p Af(1520)3/2“ electromagnetic transition ampli¬ 
tudes that incorporate the A^(1520)3/2“ quark distribu¬ 
tion amplitudes are needed in order to explore the par- 
tonic structure of the Af(1520)3/2“ resonance. 

B. A (1620) 1/2“ Resonance 

The jvpN* electrocouplings and the partial ttA and 
pp hadronic decay widths (see Table IXIIII) of the 
A(1620)l/2“ resonance obtained for the first time from 
CLAS data on 7r+7r“p electroproduction off the pro¬ 
ton have revealed very unusual properties of this 
state (Fig. fTSl) . Currently it is the only well-established 
N* state produced via electroexcitation that is domi¬ 
nated by the longitudinal S' 1/2 amplitude for 0.5 GeV^ 
< < 1.5 GeV^. The pp channel opens for the central 


p mass at the threshold of 1U=1.71 GeV. Despite of the 
much smaller central mass 1.62 GeV, the A(1620)l/2“'' 
state has a large branching fraction for decays to the pp 
final state as listed in Table IXIIII 

The attempts to describe the electrocouplings of the 
A(1620)l/2“ resonance within the framework of the con¬ 
stituent quark models, accounting for the contributions 
from only three dressed quarks in the first orbital exci¬ 
tation that belongs to the [70,1“] SU{6) spin-flavor mul- 
tiplet, were not successful. As shown in Fig[T5l the hy¬ 
percentral constituent quark model [i^ does allow for 
a reasonable description of the longitudinal electrocou¬ 
plings, but it underestimates the transverse A 1/2 electro¬ 
couplings. Instead, the above-mentioned Bethe-Salpeter 
approach [13 offers a good description of the transverse 
Ai /2 electrocoupling of the A(1620)l/2“, but underesti¬ 
mates the longitudinal 5'i/2 electrocouplings. The un¬ 
quenched constituent quark models [73| currently em¬ 
ployed in the studies of mesons offer a promising oppor¬ 
tunity to explore both the hadron wave functions and 
the hadronic decays. The extension of these approaches 
into the baryon sector looks promising in order to un¬ 
derstand the nature of the A(1620)l/2“ resonance from 
the combined analysis of the electroexcitation amplitudes 
and the hadronic decays of this resonance. 

The large branching fraction for the hadronic de¬ 
cays to the pp final state of the deeply sub-threshold 
A(1620)l/2“ state makes it attractive to search for an 
admixture of exotic configurations such as qqq{qq) that 
may facilitate the resonance decays to the pp final state. 
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VI. SUMMARY AND OUTLOOK 


Phenomenological analysis of CLAS data [2^ on 
7r+7r“p electroproduction off the proton at invariant 
masses of the final hadron system 1.40 GeV < W < 
1.82 GeV and photon virtualities from 0.5 GeV^ to 
1.5 GeV^ was carried out with the primary objective of 
determining the ^vpN* resonance electrocouplings and 
their partial hadronic decay widths to the ttA and pp 
final states for all prominent N* states with masses be¬ 
low 1.64 GeV. The JM reaction model [^.[^ previously 
employed for the extraction of the resonance parameters 
from TT~^TT~p electroproduction data 23| was further de¬ 
veloped for extraction of the resonance parameters in 
a wider area of W and Q^. In order to describe the 
data [ 2 ^ on the final hadron distributions over the 
angles for IV > 1.5 GeV, the phases of the direct double- 
pion electroproduction amplitudes were implemented and 
fit to the measured nine one-fold differential cross sec¬ 
tions. The updated JM model provides a good descrip¬ 
tion of all available GLAS data on 7r+7r“p electropro¬ 
duction off the proton at 1.40 GeV < W < 1.82 GeV 
and from 0.5 GeV^ to 1.5 GeV^. The achieved qual¬ 
ity of the data fit [ 2 ^ is comparable to that obtained 
in reaction models employed previously for extraction of 
the resonance electrocouplings from GLAS data on Ntt 
[l^ll^ and 7r+7r“p [ 23 | electroproduction off the proton. 
The contributions to charged double-pion electroproduc¬ 
tion off the proton from all relevant meson-baryon chan¬ 
nels and direct double pion production mechanisms de¬ 
termined from GLAS data within the framework of the 
updated JM model, shown in Fig. [5l are of interest for 
the future modeling of different exclusive meson electro¬ 
production channels that are relevant in the resonance 
region. These results can also be used in global multi¬ 
channel analyses aimed at extraction of the resonance 
parameters from all available data on exclusive meson 
photo-, electro-, and hadroproduction. 


The "fvpN* electrocouplings of the iV(1440)l/2+ and 
V(1520)3/2“ resonances were determined from the ex¬ 
clusive charged double-pion electroproduction cross sec¬ 
tions measured with CLAS at from 0.5 GeV^ to 
1.5 GeV^. Consistent values of the V( 1440) 1/2+ and 
iV(1520)3/2“ electrocouplings obtained in independent 
analyses of three IV-intervals, where the non-resonant 
contributions are different, strongly support the reliable 
extraction of these fundamental quantities. Furthermore, 
the hadronic decay widths of these resonances to the ttA 
and pp final states obtained in our analysis are consistent 
with those previously determined in this exclusive chan¬ 
nel at smaller photon virtualities < 0.55 GeV^ [^ . 
Successful description of the CLAS '!t'^tt~p electropro¬ 
duction data [ 2 ^, [15 in a wide range of photon virtuali¬ 
ties from 0.25 GeV^ to 1.5 GeV^ with independent 
hadronic decay widths of the contributing resonances, 
supports a reliable separation between the resonant and 
non-resonant contributions achieved in the updated JM 
model and confirm reliable extraction of the resonance 


parameters. The A(1620)l/2“ resonance decays pref¬ 
erentially to the Ntttt final state. The 7r+7r“p exclu¬ 
sive electroproduction off the proton represents the major 
source of information on the electrocouplings of this reso¬ 
nance. Our studies provide for the first time information 
on the "fvpN* electrocouplings and the ttA and pp partial 
hadronic decay widths of the A(1620)l/2“ resonance. 

Due to the recent progress in DSEQGD studies of ex¬ 
cited nucleon states d, [3l|, the first evaluations of the 
p —)• V(1440)l/2+ Dirac F* and Pauli i// transition form 
factors starting from the QGD Lagrangian have recently 
become available [s^. A good description of the CLAS 
experimental results was obtained at > 2.0 GeV^ in 
the DSEQGD approach. In this application the same 
momentum-dependent dressed quark mass function was 
employed that was also used in the previous DSEQGD 
computations of the nucleon elastic [s^ and magnetic 
p —A transition form factors [3l| . A successful descrip¬ 
tion of the nucleon elastic and electromagnetic transition 
form factors to excited nucleon states of distinctly dif¬ 
ferent structure strongly supports a reliable access to the 
dressed quark mass function achieved in the analysis [ 3 ^ . 
Mapping out the dressed quark mass function from avail¬ 
able and future data on p —>■ N* transition form factors 
will address the most challenging and still open problems 
of the Standard Model on the nature of the dominant part 
of the hadron mass, quarl^luon confinement, and their 
emergence from QGD d, y|. These prospects motivate 
the future studies of the excited nucleon state structure 
at high photon virtualities from 5 GeV^ to 12 GeV^ with 
the GLAS12 detector after the completion of the Jeffer¬ 
son Lab 12 GeV upgrade d, 

Analyses of the experimental results on the jypN* 
electrocouplings of the V(1440)l/2+, V(1520)3/2“, and 
A(1620)l/2“ resonances in the entire range of pho¬ 
ton virtualities covered by the measurements employing 
the DSEQGD approach [^, advanced quark mod¬ 
els [13, 0 0| , and a global multi-channel analysis [ni- 
01 , have convincingly demonstrated that their structure 
at < 5.0 GeV^ is determined by a complex interplay 
between the inner core of three dressed quarks and the 
external meson-baryon cloud. A successful description 
of the quark core contributions to the electrocouplings 
of the 7V(1440)l/2+ resonance within the framework of 
DSEQGD [13 makes it possible to outline meson-baryon 
cloud contributions for this state at the resonant point 
iW = Mm*) from the experimental results on the 'jvpN* 
electrocouplings. We observed pronounced differences for 
the meson-baryon cloud contributions to different elec¬ 
troexcitation amplitudes and their strong dependence on 
the quantum numbers of the excited nucleon state and 
photon virtuality. In particular, small contributions from 
the meson-baryon cloud to the A 1/2 electrocouplings of 
the iV( 1520) 3/2“ make this resonance attractive for the 
exploration of its quark components. The studies of res¬ 
onance electrocouplings over the full spectrum of excited 
nucleon states of different quantum numbers are critical 
in order to explore different components in the N* struc- 
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ture. 

Available for the first time, A(1620)l/2“ resonance 
electrocouplings and hadronic decay widths to the ttA 
and pp final states have demonstrated a rather peculiar 
behavior. The A(1620)l/2“ state is the only known res¬ 
onance produced via electroexcitation that is dominated 
by the longitudinal S 1/2 electrocoupling in a wide range 
of photon virtualities 0.5 GeV^ < < 1.5 GeV^. Fur¬ 

thermore, the A(1620)l/2“ resonance has a large branch¬ 
ing fraction (above 30%) for the decay into the pN final 
states. This is a rather unusual feature for decays of a 
resonance located in the deeply sub-threshold region for 
the production of the pp final state. Failures in describing 
the A(1620)l/2“ electrocouplings within the framework 
of quark models that account for the contributions of the 
quark core only [13, indicate that the structure of this 
state can be more complex than that assumed in quark 
models described by the orbital excitation of three quarks 
with the total orbital momentum L = 1. Further experi¬ 
mental data are needed in order to establish the nature of 
this state. In the near term future, new CLAS results on 
the A(1620)l/2“ electrocouplings are expected at pho¬ 
ton virtualities from 0.3 GeV^ to 1.0 GeV^ with a much 
finer Q^-binning [t^. The results on the A(1620)l/2“ 
electrocouplings from GLAS data on charged double-pion 
electroproduction off the proton eventually will also be 
extended in up to 5.0 GeV^. Further developments in 
hadron structure theory that will allow us to perform a 
combined analysis of the resonance electrocouplings and 


hadronic decay widths are critical in order to understand 
the nature of the A(1620)l/2“ state. A search for contri¬ 
butions from exotic qqq{qq) configurations to the struc¬ 
ture of this state that may facilitate the decays of the 
A(1620)l/2“ resonance to the pp final state are of par¬ 
ticular interest. 
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